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This thesis presents studies on engineering the electrical and magnetic properties in 
oxide thin films using vertically-aligned nanocomposites (VAN). The works aim to 
enhance their multi-functionality for various memory applications.  
First, electroforming-free resistive switching (RS) with high ON/OFF ratio is 
realized in a novel model VAN system based on self-assembled Sm-doped CeO2 and 
SrTiO3 films that allow separate tailoring of nano-scale ionic and electronic channels 




). These devices allow precise engineering of the 
resistance states, thus enabling large and tunable ON/OFF ratios and high stability for 
acting as resistive random access memory (RRAM) devices.     
Second, the ferromagnetic insulating (FMI) and metallic (FMM) properties of 
La0.9Ba0.1MnO3 (LBMO) are tuned using VAN. La0.9Ba0.1MnO3 is FMI in bulk but 
usually shows metallicity in plain films. By using VAN consisting of CeO2 
nanocolumns embedded in a La0.9Ba0.1MnO3 matrix, the FMI property is maintained 
in thin film form. The CeO2 phase acts as strain-controlling nanocolumns and at the 
same time, produces light Ce doping of the LBMO and thus filling of intrinsic cation 
vacancies. Together these reduce the unwanted double exchange (DE) coupling. This 
is hard to realize in plain LBMO films which contain cation vacancies, and have 





and hence to DE coupling and metallicity. Besides, by varying the growth temperature 
of the LBMO–CeO2 VAN, the system is engineered from a FMI to a FMM and the 
magnetoresistance is highly tunable, which are correlated to the tuning of the lateral 
size of both phases. These effects are attributed to a dimension change-induced 
change in the electronic band structure. The tunable properties of LBMO–CeO2 VAN 
make it a good candidate as low-power-consumption, high-Tc FMI and FMM 
components in magnetic random access memory (MRAM) and spintronic devices.  
Last, in-situ electric field tuning of magnetic properties is studied in 
La0.9Ba0.1MnO3-ZnO VAN, a novel candidate for magnetoelectric random access 
memory (MERAM) devices. The M-H curves and the remanence are tuned by 
applying electric fields at a low temperature (10 K). The possible origins for the 
magnetic modifications are discussed rationally, which include Joule heating, 
piezoelectric strain, current-induced induction field and charge trapping/detrapping 
related to a resistive switching effect (which is found to be the most likely mechanism 
for a hysteretic tuning of the remanence). All these effects are correlated to the 
existence of the ZnO phase. This work helps to understand the charge doping effect in 
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Chapter 1    Overview 
 
1.1 Background 
Metal oxides have a wide range of fascinating functionalities and hence have many 
applications ranging from microwave devices to sensors, actuators, and memories. 
The transition metals lie within a special range in the periodic table, from groups 3 to 
12. The partially filled active d shells of the transition metals enable a strong coupling 
between spin-charge-orbital-lattice degrees of freedoms. This strong coupling, 
together with the versatile nature of oxygen, enable highly tunable multi-functionality 
of the transition metal oxides (TMO). Among their various physical features, 
electrical and magnetic properties are two of the most versatile and important 
functionalities. Recent breakthroughs in electronics, spintronics, and multiferroics are 
promising for bringing memory and logic applications to a new era.  
  Epitaxial oxide thin films are a special family of oxides grown on single-crystalline 
substrates. The epitaxy not only enables enhanced crystallinity compared with the 
polycrystalline bulk but also provides strain tuning and interfacial coupling, thus 
bringing about fascinating opportunities for the realization of improved properties and 
emergent electronic phenomena.  
  While the capabilities of single-phase oxide films have reached their limits, the 
pursuit of composite alternatives has triggered the development of tremendous 
materials-engineering methods. One striking example is self-assembled 
vertically-aligned nanocomposites (VAN), where one columnar phase is embedded 
inside another matrix phase. This vertical heteroepitaxy can integrate the advantages 
of both phases, or bring in new functionalities from vast strain tuning and interfacial 
coupling, greatly expanding the spectrum for engineering functional oxides.   
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1.2 Motivation 
The works in this thesis are triggered by the need for tuning the electrical and 
magnetic properties of TMO thin films using new approaches (e.g. the VAN approach 
here), which aims to enhance their multi-functionality for potential applications in 
memory devices. 
The development of the novel computing and digital industry has brought about 
various non-volatile memory techniques, including electrical-based, magnetic-based, 
and magnetoelectric approaches. Oxide-based memories are structurally compatible 
and have the potential to compete with SrTiO3-buffered Si devices. Among all the 
novel memory candidates, several are widely studied in TMOs: resistive random 
access memory (RRAM) makes use of electrical signals (current or resistance) for 
storage, magnetic random access memory (MRAM) and spintronic devices rely on 
magnetic signals (the magnetic moment or spin), and magnetoelectric random access 
memory (MERAM) has the potential to integrate multiple electrical and magnetic 
signals in one device and thus enhance storage capabilities. Currently, there are 
several issues in the study of these memory techniques:  
1. Firstly, RRAM devices suffer from several technical problems. First is the 
degradation of plain film-based devices in the artificial fabrication processes for dense, 
nano-scale memory cells. Second is the harmful/uncontrollable electroforming 
process, which shortens the device lifetime. Besides, the mixture of ion/electron 
conductance channels in single-phase oxides makes it difficult to study the physical 
mechanisms and limits the application of RRAM (e.g. in neuro computing). Thus, 
nano-scale self-assembled, electroforming-free RRAM devices with decoupled 
conductance channels are highly desired.  
2. Secondly, in the MRAM (and spintronics) area, a major issue is the power 
consumption generated by electrical current flow used to “write” the memory signals. 
Thus, a new development direction is to replace electrical currents with an electric 
field or directly using pure spin flows as memory signals. Hence searching for 
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high-Curie-Temperature (Tc) ferromagnetic insulators (which are rare) to 
transport/filter spin currents or to endure electric fields is one possible solution. Apart 
from ferromagnetic insulators (FMI), ferromagnetic metals (FMM) are also important 
components in MRAM (and spintronic) devices. It is intriguing to tune and realize 
these two functionalities within one material and by using the same material for 
different device components, one can simplify the fabrication process and improve the 
integration compatibilities between components in one device. Plain oxide films only 
show limited tunability of these functionalities and thus it is worthwhile to develop 
new tuning approaches. 
3. Lastly, in conventional plain film-based MERAM devices, the substrate strain 
clamping effect, the short charge screening length and the limited choice of coexisting 
ferromagnetic and ferroelectric constituents largely restrict the extent of 
magnetoelectric coupling and thus limits the device applications. It is intriguing to 
solve these problems through novel structural design and materials exploration.  
The above bottlenecks or issues in memories can be addressed by nanoengineering 
through composites, and, as discussed above, the oxide VAN structure provides a new 
platform to realize this:  
First, VAN enables self-assembly of nano-scale memory cells, which eliminates the 
need for artificial fabrication and avoids the related degradation problems for RRAM 
devices. The unique VAN structure can be divided into three independent components 
(as specified later in Fig. 4-5, Chapter 4), which helps to decouple the ionic and 
electronic channels. The vertical interface usually has enhanced electronic 
conductivity, which assists in eliminating the electroforming process. 
Electronic-active SrTiO3 and ionic-conductive CeO2, which are favorable for realizing 
these aims, are selected as candidate VAN components.  
Second, the nano-scale vertical heteroepitaxy enables adequate interfacial coupling, 
strain control or charge transfer. This enables delicate nanoengineering to achieve the 
goal of obtaining high-Tc ferromagnetic insulators/metals or enhancing the tunability 
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of these properties, approaching the need for providing better-quality functional 
components for MRAM and spintronic devices. The versatile combination of 
constituent phases effectively enlarges the scope of coupling between magnetic and 
electrical degrees of freedom, aiming for novel and high performances for MERAMs. 
The lightly-doped manganite (La0.9Ba0.1MnO3), which have highly tunable physical 
properties under physical and chemical stimuli, make all these issues addressable.  
The ultimate goal of this work, as discussed above, is to use the VAN approach to 
design novel materials systems to stress the above issues raised in RAMs whilst 
demonstrating enhancement of the respective device performances. 
1.3 Framing the thesis 
 Chapter 2 represents a general introduction, which includes the 
electrical/magnetic properties of TMOs, memory techniques using 
electrical/magnetic signals, an introduction to VAN, and the advances of VAN in 
tuning memory-related functionalities. A more detailed literature review 
regarding the research issues in different RAMs and materials selection for the 
study of these topics will also be provided at the beginning of each result chapter 
as a more specific introduction.  
 Chapter 3 describes the experimental methods used in the works.  
 Chapters 4 to 6 represent results and discussions: 
 Chapter 4 is focused on enhancing the resistive switching (RS) performance in 
a RRAM candidate: a high-quality VAN of Sm-doped CeO2 and SrTiO3 
(SDC-STO). First, electroforming-free RS with an enhanced ON/OFF ratio 
(>10
4
) and suitable stability is realized by delicate optimization. Then, after 
studying the conduction mechanisms, the reason for elimination of the 
electroforming process is analyzed, and a model based on separate 
ionic/electronic channels is proposed as the mechanism for the RS effect. 
Further evidence is provided to prove this model, based on which separate 
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tailoring of the ionic and electronic channels is realized and a guideline is 
proposed and proved for synergetic improvement of the RRAM performance.  
 Chapter 5 is mainly focused on the tuning of ferromagnetic insulating/metallic 
properties of manganites for MRAM and spintronic applications. The materials 
system is a VAN of lightly-doped La0.9Ba0.1MnO3 and CeO2. This part consists 
of two sub-sections: 
 First, a new FMI candidate is studied: the La0.9Ba0.1MnO3 (LBMO)-CeO2 
VAN. La0.9Ba0.1MnO3 is a FMI in bulk but shows an insulator-metal 
transition in plain thin films. Using light strain+doping from CeO2, the FMI 
properties of the LBMO phase are maintained in thin films. This result is 
shown in Chapter 5.3. 
 Then, a more comprehensive nanoengineering study on the LBMO-CeO2 
VAN is presented: the LBMO phase is tuned from a FMI to a FMM by 
changing the growth temperature. The tuning effect is correlated to the 
change in the self-assembly kinetics which results in a simultaneous change 
of the lateral size of the CeO2 nanocolumns and the LBMO phase. This 
result is shown in Chapter 5.4. 
 Chapter 6 presents results on in-situ electric field tuning of ferromagnetism in a 
new ferromagnetic-nonferroelectric MERAM candidate: the 
La0.9Ba0.1MnO3-ZnO VAN. The M-H curves and the remanence are tuned by 
applying electric fields at a low temperature (10 K). The possible origins for the 
magnetic modification are rationally discussed, which include Joule heating, 
piezoelectric strain, current-induced induction field and charge 
trapping/detrapping related to a resistive switching effect (which is found to be 
the most likely mechanism for a hysteretic tuning of the remanence). All of 
these effects are correlated to the existence of the ZnO phase.  
 Lastly, Chapter 7 provides a conclusion of the overall doctoral work, including a 
summary of the key findings and perspectives for future work.  
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Chapter 2    Introduction 
 
This chapter provides a general introduction to the background knowledge related to 
the works in this dissertation. A literature review in this chapter introduces the basics 
for electrical/magnetic properties in functional oxides, and then briefly discusses 
novel electrical/magnetic-based memory techniques, after which the VAN structure is 
introduced and the advantage of oxide VAN thin films for novel memory applications 
is discussed. 
2.1 Functional oxides 
Functional oxides represent a group of smart oxide systems in which their physical 
and chemical properties can be modified by adjusting the anionic deficiency, cationic 
valence, or lattice deformation. They have a variety of crystal structures and unique 
properties, covering all aspects of condensed matter physics. Many transition metal 
oxides (TMO) are classified into the strongly correlated oxide family, which exhibit a 
coupling among the orbital-lattice-spin-charge degrees of freedom. These strong 
correlations have generated a broad spectrum of electronic, magnetic properties and 
even a coupling between these properties. The study of these multi-functionalities has 
brought about a revolution in memory techniques. 
2.1.1 Crystal structures of metal oxides 
Metal oxides are built from ionic bonds. Different ionic radii and different geometries 
of ionic bonds result in different kinds of unit cell structures. In general, metal oxides 
are classified into binary and ternary (or multinary) based on the number of different 
metals in the crystal structure. A summary of metal oxide crystal structures is shown 
in Table 2-1. These structures cover most of the metal-oxide family. Among the 
functional oxides listed, perovskite oxides have gained increasing significance due to 
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their attractive properties (insulating dielectrics, ferroelectrics, ferromagnetics, 
multiferroics, etc) and are the main focus of this work. Detailed introduction to the 
crystal structures of the oxide phases used in this thesis will be presented at the 
beginning of each result chapter. 




*Re: Rare earth metal (La, Pr, Nd, Sm, etc.), A: Alkaline metal (Ca, Sr, Ba, etc.) 
2.1.2 Electrical property and electrical transport in metal oxides 
 Band structures 
Electronic materials can be classified into conductors (usually metals), 
semiconductors, and non-conductors (insulators) according to their conductivity. At a 
given temperature, the electrical conductivity of a semiconductor is lower than a 
metal, but much higher than an insulator. Metals have a positive temperature 
coefficient (their conductivity decreases with the increase in temperature) whereas 
semiconductors and insulators have a negative temperature coefficient (their 
conductivity tends to increase with the increase in temperature).   
The difference of conductivity between metals, insulators and semiconductors can 
be understood based on the band theory for solid crystals
2
: the lattices of solids form 
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lattice potential fields. Instead of forming discrete energy levels as in the case of free 
atoms, the energy states of charge carriers form continuous energy bands in reciprocal 
space due to the crystal field. The energy bands in reciprocal space are separated by 
regions where no electron orbitals exist, and such forbidden regions are called 
forbidden bands. The band gap refers to the energy span of the last forbidden band, 
typically termed Eg. The bands above the band gap are called conduction band (CB) 
while those below are called valence band (VB). The highest occupied quantum state 
of the electrons is defined as the Fermi Energy (EF) or the chemical potential. In the 
ground state, all energy bands below are occupied and all above are empty. The Fermi 
energy can be located in the band gap, CB or VB. Schematic band structures in the 
ground state are shown in Fig. 2-1. Crucial to the conductivity is how the charge 
carriers occupy the energy bands
3
:   
 
Figure 2-1. Schematic diagram of the band structure in ground state and the relative 
position of the Fermi Level (EF) with respect to the Valence Band (VB), the 
Conduction Band (CB) and the Forbidden Band (Eg): (a) Metal, (b) Insulator and (c) 
Semiconductor. 
1. If the bands are partly filled (typically between 10% and 90%), then the crystal 
behaves as a conductor (or metal). The CB overlaps with the VB and the EF is located 
in the CB, as shown in Fig. 2-1 (a).  
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2. If the energy bands are either filled or empty, the crystal behaves like an insulator. 
The electrons in the CB are separated from the VB by the Eg and the EF is located in the 
Eg, as shown in Fig 2-1 (b). 
3. If the bands are slightly filled (e.g. at a finite temperature) or empty, then the crystal 
is called a semiconductor. The Eg is small enough so that thermal or other excitations 
can bridge the gap. Similar to insulators, EF is located in the forbidden band, but the 
Eg is much smaller, as shown in Fig. 2-1 (c). In semiconductors, the charge carriers 
are divided into electrons or holes based on the polarity of the charge: electrons 
(negative charge) are the majority carriers in n-type semiconductors while holes 
(positive charge) are dominant in p-type semiconductors.   
 Metal-oxide interfaces 
The measurement of transport properties in semiconductive or insulating oxides 
usually requires a metal-oxide-metal contact. When a metal makes contact with an 
oxide (semiconductor or insulator), potential barriers are formed at the metal/oxide 
interface due to their different work functions, as discussed below. 
Fig. 2-2 (a) shows the band structure of a metal and an n-type semiconductor when 
there are no contacts in between. eφm and eφs are the respective work functions of the 
metal and semiconductor, defined as the energy needed to remove an electron from 
the Fermi level of a solid to the vacuum immediately outside the solid surface. The 
electron affinity (χs) of the semiconductor is defined as the energy that an electron 
requires to escape from the conduction band minimum into the vacuum. The EC, EF, 
and EV are the conduction band minimum, the Fermi level and the valence band 
maximum, respectively. The eφm and χs values of several metals and oxides are listed 
in Table 2-2.  
Assuming that eφs is smaller than eφm (EFmetal<EFsemiconductor), when the metal and 
semiconductor are in contact with each other (assuming a perfect contact without 
additional interfacial insulating layer), the Fermi levels on both sides are forced to line 
up to establish thermal equilibrium with respect to the chemical potential in between
4
. 
2.  Introduction 
11 
Meanwhile, electrons will pass from the CB of the semiconductor to the empty energy 
states above the EF of the metal, leaving positive charges on the semiconductor side 
and negative charges on the metal side, as shown in Fig. 2-2 (b). This then results in 
the formation of a built-in contact potential Vd pointing from the semiconductor to the 
metal, which prevents the further motion of electrons. The built-in potential is given 
by the difference in work functions
5
:  
eVB = eφm – eφs                                (2-1)  
Here eVB represents the height of barrier for an electron to move from the 
semiconductor to the metal. eφm is constant while eφs depends on the dopant 
concentration (i.e. the concentration of majority carriers) and therefore eVB can be 
modified by doping. 
 
Figure 2-2. Formation of the metal-semiconductor Schottky barrier. (a) The band 
structure of a metal and an n-type semiconductor when there is no contact in between. 
(b) The depletion layer in a metal/n-type semiconductor interface. (c) The formation 
of the built-in potential (eVB) and Schottky barrier (eφB) by alignment of the Fermi 
Level (EF).    
When a metal/semiconductor contact forms, electrons are removed from a certain 
depth within the semiconductor due to its relatively low charge density, and a 
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depletion region forms within the semiconductor, as shown in Fig. 2-2 (b). In the 
depletion region, the contact potential results in energy bands bending up from the 
semiconductor to the metal and the Fermi levels line up, as shown in Fig. 2-2 (c). The 
width of the depletion region is denoted by Wd. 
Viewing from the side of the metal, there is also a barrier for electrons to move to 
the semiconductor (Fig. 2-2 (c)), where the barrier height (eφB) is equal to the 




              eφB = eφm – χs = eVB – (EC–EF)                        (2-2)  
Here, EC and EF are the conduction band minimum and the Fermi level of the 
semiconductor. This potential barrier is called a Schottky-like barrier (shortened to 
Schottky barrier), which controls the leakage of current at the interface. The leakage 
occurs due to the emission (or tunneling) of electrons from the Fermi level of the 
metal to the conduction band of the semiconductor under an applied electric field. The 
potential barrier is not only characterized by its height (eφB) but also by its width 
(which is correlated to the depletion layer width Wd), as illustrated in Fig. 2-2 (c).   
In zero bias, the movement of electrons from the semiconductor to the metal is 
balanced by the contact potential and therefore there is no current. Assuming no 
change in the dopant concentration in the n-type semiconductor
5
:  
When applying a positive bias (from metal to semiconductor), electrons face a 
semiconductor-to-metal barrier eVB (given by equation (2-1), shown in Fig. 2 (c)). 
The external potential is opposite to the built-in potential, and the EFs no longer line 
up, but shift with one another depending on the applied bias, which decreases eVB, 
and therefore electrons have a lower barrier to overcome before reaching the metal. 
This results in a current flow which increases with the increase in the positive bias.  
On the other hand, when a negative bias is applied, the semiconductor-to-metal 
barrier is higher. Electrons now flow in the opposite direction, facing a 
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metal-to-semiconductor barrier eφB (given by equation (2-2), shown in Fig. 2 (c)). The 
application of a negative bias lowers the barrier height eφB, due to the “image force” 
effect
4
 in which an electron near the surface of a metal is attracted to it by a positive 
image charge, and the attraction force produces an effect of reducing the barrier 
height by an amount which depends on the bias applied. The effective lowering of the 
barrier height can be expressed as
6
:  
                    Δ𝜑 =  √
𝑒𝐸
4𝜋𝜀0𝜀𝑟
                               (2-3) 







A mechanism for conduction was first proposed by Ohm in 1827, who stated a linear 
dependence of current on the potential difference across a conductor (metal). In 
metal-oxide-metal contacts, different metals and semiconductors have different work 
functions and electron affinities, which usually result in nonlinear I-V relationships as 
well as different electron transport mechanisms. The current conduction can be 
influenced by both temperature (T) and electric field (E). In general, conduction 
mechanisms are classified into interface-limited or bulk-limited types. In some cases, 
current conduction is dominated by the metal-oxide interface, e.g. the metal-oxide 
Schottky-barrier, and the bulk is believed to be more conductive than the interface. In 
other cases, the interface doesn’t limit the injection of carriers into the bulk and the 
bulk properties of the oxide are more dominant, e.g. the trap level, dielectric 
relaxation time or the density of states
12
. Interface-limited conduction mechanisms 
mainly include: (1) Schottky or thermionic emission, (2) Fowler-Nordheim (F-N) 
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tunneling, (3) direct tunneling and (4) interface-limited trap-assisted tunneling (TAT), 
while bulk-limited conduction mechanisms include: (1) Poole-Frenkel (P-F) emission, 
(2) Ohmic conduction, (3) Space Charge Limited Conduction, (4) ionic conduction, (5) 
hopping conduction and (6) bulk-limited TAT.  
It is worth mentioning that both interface-limited Schottky emission and 
bulk-limited P-F emission are based on the thermionic emission theory, where the 
conduction is caused by the escape of electrons from the materials by surmounting the 
potential barrier due to thermal excitation. On the other hand, interface-limited F-N 
tunneling and bulk-limited TAT mechanisms are based on the theory of quantum 
mechanical tunneling, where the conduction is determined by the ability of the 
electrons to penetrate through a potential barrier
6
.  
A comprehensive description of conduction mechanisms with their temperature and 
electric field dependences is given below:  
Schottky emission 
When the electrons in a metal gain enough energy to overcome the Schottky barrier 
eφB by thermal activation, then conduction happens as a result of electron emission. 
The Schottky emission process (under a negative bias) is illustrated in Fig. 2-3. The 
metal-oxide interface energy barrier height can be lowered by the image force, a 
phenomenon known as the Schottky effect. Schottky emission is one of the most 
common conduction mechanisms in dielectric films at relatively high temperatures. 







]                          (2-4) 






                               (2-5) 
where 𝐽 is the current density, 𝐴∗ is the effective Richardson constant, 𝑚0 is the 
free electron mass, 𝑚∗ is the effective electron mass in dielectric, 𝑇  is the absolute 
temperature, 𝑒  is the electronic charge, eφB is the Schottky barrier height (i.e. 
2.  Introduction 
15 
conduction band offset), 𝐸 is the electric field, 𝑘 is the Boltzmann’s constant, ℎ is the 
Planck’s constant, 𝜀0 is the permittivity in a vacuum, and 𝜀𝑟 is the optical dielectric 
constant.  
 
Figure 2-3. Schematic band diagram of the Schottky emission process in a 
metal-oxide (insulator or semiconductor) interface. 
Fowler–Nordheim (F-N) Tunneling (and direct tunneling) 
Based on classical physics, incident electrons cannot overcome the Schottky barrier 
when the energy is lower than the barrier height. However, when the potential barrier 
is thin enough (e.g. <10 nm) and a high electric field is applied, quantum mechanics 
predicts that the electron wave function will penetrate through the barrier into the 
conduction band of the oxide (Fig. 2-4). Hence, electron tunneling occurs, and the 
probability of electrons existing on the other side of the potential barrier is non-zero. 
Generally, direct tunneling occurs when the oxide layer is very thin (<3 nm), while 
F-N tunneling is more dominant when the barrier is thicker
13
. The expressions of the 









]   (F-N tunneling)             (2-6) 





κ𝑡𝑜𝑥,𝑒𝑞}  (Direct tunneling)           (2-7) 
where κ is the relative dielectric constant, 𝑡𝑜𝑥,𝑒𝑞 is the effective thickness of the 
oxide layer, and other notations are the same as defined before.    
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Figure 2-4. Schematic band diagram of the Fowler–Nordheim Tunneling (or direct 
tunneling) process in a metal-oxide interface. 
Poole-Frenkel (P-F) emission 
As mentioned above, the theoretical foundation of P-F emission is the same as for 
Schottky emission, but with the difference being that electrons are emitted into the 
conduction band of the oxide from trap sites formed by defects in the oxides. 
Therefore, the potential barrier 𝑒𝜑𝐵 in Fig. 2-3 is replaced with the depth of the 
potential well of the traps e𝜑𝑇, which is the location of the trap level below the 
conduction band minimum. The application of an electric field decreases the potential 
barrier height and increases the probability of trapping and detrapping of electrons 
from the bulk. The general expression for P-F emission is:  






]                       (2-8) 
where 𝜇 is the electronic drift mobility, 𝑁𝐶 is the conduction band density of states 
and 𝑒𝜑𝑇 is the trap energy level.  
Trap-assisted tunneling (TAT) 
Similar to P-F emission, the occurrence of tunneling can also be assisted by defects in 
the oxide. In contrast to single-step tunneling such as F-N tunneling, TAT usually 
consists of a two-step process：the electrons firstly escape from the anode, get 
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captured into the trap sites and are then emitted into the cathode. A generalized 
expression of the current density in the TAT model is:  





]                            (2-9) 
where 𝑒𝜑𝑇 is the trap energy level.  
The four conduction mechanisms discussed above are the most widely reported in 
metal-oxide systems. In real cases, it is challenging to differentiate between them. 
Luckily, there are several empirical guidelines
6
: (1) Most researchers believe that 
Schottky emission is more dominant than the P-F mechanism if the leakage current 
density curve is asymmetric with respect to the voltage polarity
13
. (2) If the height of 
the Schottky barrier controls the leakage current at a weak electric field, the abrupt 
increase in the leakage current in a strong electric field is due to the narrowing of the 
width of the Schottky barrier, which can be modeled by F-N tunneling. In contrast, if 
the P-F mechanisms control the leakage current through the bulk, TAT would be 
responsible for high leakage currents in strong electric fields. 
There are other mechanisms which contribute to the current conductions:  
Ohmic conduction 
Ohmic conduction is caused by the movement of mobile electrons in the conduction 
band (and holes in the valence band) in the oxide itself. In this conduction mechanism, 
a linear relationship exists between the current and the electric field: 
                                   𝐽 = 𝜎𝐸 = 𝑛𝑒𝜇𝐸                                   (2-10) 
n = 𝑁𝐶exp [−
𝐸𝐶−𝐸𝐹
𝑘𝑇
]                                (2-11) 
where 𝜎 is the electrical conductivity, n is the number of electrons in the conduction 
band, 𝐸𝐶  and 𝐸𝐹 are the conduction band minimum and Fermi level of the oxide, 
respectively. Ohmic conduction can be dominant when there is no significant 
contribution from other conduction mechanisms.  
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Space Charge Limited Conduction (SCLC) 
The SCLC mechanism is similar to the electron transport in a vacuum diode. It is 
believed that the probability of SCLC conduction is higher if the electrode contact is 
highly carrier injective. The conduction arises from thermionic injection of electrons 
from the cathode to the trap sites of the oxide in an Ohmic contact. This mechanism 
can be easily identified when there are three distinct regions in the J-V curve: 
Ohmic conduction (I ∝ V) is observed at low applied voltages where only partial 
trap sites are filled by the injected carriers, and the density of thermally-generated free 
carriers are larger than the injected carriers:   
             𝐽𝑂ℎ𝑚 = 𝑒𝑛0𝜇
𝑉
𝑑
   (Ohm’s law region)                     (2-12) 
At high applied voltages, the traps are filled and a space charge appears. A 
quadratic dependence (I ∝ V2) of the current density takes over above a transition 
voltage (VTr):  






      (Trap-filled-limited region)              (2-13) 
After all the trap sites are filled up, subsequently injected carriers will move freely 
in the oxide, and a rapid current jump occurs at a subthreshold traps-filled-limit 
voltage (VTFL), after which the Child’s law (I ∝ V
2







     (Child’s square law region)               (2-14) 
Here 𝑛0 is the concentration of free charge carriers in thermal equilibrium, 𝜃 is the 
ratio of the free carrier density to total carrier (free and trapped) density, V is the 
applied voltage, d is the film thickness, 𝜀 is the dielectric constant. 
When increasing the voltage further, a more rapid increase in the current occurs and 
even a larger exponent (than 2) can be expected in the J-V relation.  
 
 





In polycrystalline materials, the resistivity of the grain boundary is likely to be much 
higher than that of the grains, and the conduction current can be limited by the 
electrical properties of the grain boundaries. An energy barrier is formed at grain 
boundaries, which is inversely proportional to the relative dielectric constant of the 
material. 
Hopping conduction 
Hopping conduction originates from the transport of electrons between localized 
states (trap sites, etc.), which often occurs in low-doped semiconductors or insulators 
where emission or tunneling are difficult. The conductivity usually shows a strong 
temperature dependence in hopping conductions.   
 
Figure 2-5. Schematic band diagram of the Nearest Neighbor Hopping (NNH) and 
Variable-range Hopping (VRH) model in an insulating oxide. 
1. Nearest neighbor hopping (NNH)
13,14
: The simplest form of hopping conductivity 
occurs between nearest neighbors, i.e. the hop of electrons from one trap site to the 
nearest trap site through tunneling. A sufficient density of traps that are only partially 
occupied is required for nearest-neighbor hopping. The J-E relationship of hopping 
conduction is similar to that of Ohmic conduction, where a linear dependence is 
exhibited: 
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                    𝐽𝑁𝑁𝐻 = 𝜎0𝐸𝑒
−
𝑇0
𝑇                                (2-15) 
where 𝜎0 is the electrical conductivity at the temperature of 𝑇0. The temperature 
dependence of the resistivity is expressed as:  
 𝜌(𝑇) = 𝜌0𝑒
𝐸𝑏
𝑘𝑇                                (2-16) 
where 𝐸𝑏 is the approximate ionization energy of the impurity.   
2. Mott Variable range hopping (VRH)
13,14
: NNH is also called fixed range hopping 
(FRH). In contrast to FRH (where the electrons only hop into the nearest trap sites), 
the electrons in the VRH scheme can hop into the trap sites which are farther away 
but with lower trap energies. The difference between NNH and VRH conduction is 
schematically illustrated in Fig. 2-5.   
The J-E relationship of VRH hopping has a similar linear dependence with that of 
the NNH mechanism, but the temperature dependence is different, which can be 








                           (2-17) 
where d empirically stands for the dimensionality of the system, i.e., the distribution 
of trap sites. In a three dimensional insulator, d=3 and a 
1
4
 law is exhibited, whereas 
in thin films with two-dimensional distributions, d=2.    
3. Small polaron hopping (SPH)
15–18
: In highly insulating oxides (such as perovskite 
and spinel oxides), the energy bands are narrow, which slows down the electron 
motion substantially and thus the band theory fails to explain the conduction. When 
the electron-lattice (phonon) interaction energy is greater than the bandwidth, the 
slow-moving electrons distort and polarize the lattice and then polarons are formed 
which carry the lattice deformation along with them under the electric field. The 
potential wells produced by the deformation act as trap sites. There are two kinds of 
polarons: large and small, depending on the ratio of their radius to the lattice constant. 
Large polarons have similar hopping behavior as that of electrons or holes, while 
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small polarons follow an Arrhenius-like formula for hopping, with an exponent that 
depends on the activation energy and temperature. Therefore, the hopping of polaron 
quasiparticles is very different from that of electron hopping. 
The temperature dependence of the resistivity in the Emin-Holstein model of small 
polaron hopping in the adiabatic regime
16
 is expressed as:  
                      𝜌(𝑇) = 𝐴𝑇𝑒
𝐸𝐴




, n is the polaron concentration, a is the site-to-site hopping distance, 
𝑣 is the attempt frequency, k is the Boltzmann constant, and 𝐸𝐴 is the activation 




The conduction mechanisms discussed above are all based on electronic conductivity, 
where the carriers of charges are electrons or holes under electric fields. The charge 
carriers of ionic conductivity, on the other hand, are the ionic species that hop or 
diffuse within a material medium. In solids, ions typically occupy fixed positions in 
the crystal lattice and are not mobile. However, ionic conduction can occur when the 
structure is defective or when the temperature is raised up. Both cations and anions 
can be carriers of current in ionic solids. Cations usually have higher mobility due to 
their smaller ionic radius, but anion conductors also exist, with the relatively small O
2-
 
(1.26 Å) and F
-
 (1.19 Å) being the most widely studied.  
Ionic conductivity in the solid state is generally overshadowed by electronic 
conductivity, as many ionic conductors are also electronic conductors (known as 
mixed conductors).  
There are several important factors that influence ionic conductivity in a solid, such 
as the charge carrier concentration, temperature, defect density of the crystal, and the 
activation energy (i.e. the free energy barrier an ion has to overcome for hopping 
between neighboring defect sites). Ionic conduction usually follows the Arrhenius 
expression given by:  







𝑘𝑇                             (2-19) 
where A is a proportionality constant and 𝐸𝑎 is the activation energy. The electric 
field dependence of current density is expressed as:  








                             (2-20) 
where 𝐽0 is a proportionality constant, 𝑒𝜑𝐵 is the potential barrier height for ion 
hopping, and d is the distance between two hopping sites.  
The above nine conduction mechanisms constitute the primary contributions to 
current conduction observed in most reported works. By modeling the dependence of 
current on electric field or the dependence of resistivity on temperature, the 
conduction mechanism can be elucidated.      
 Electric charge polarization in metal oxides 
Polarization occurs when an electric field distorts the negative electron cloud around 
the positive atomic nuclei in a direction opposite to the field, which leaves one side of 
the object with an excess amount of positive charges, and the other side with negative 
charges. In oxides which lack central symmetry, the centers of the positive and 
negative charges do not overlap and these oxides show charge polarization when 
mechanical stress is applied (or vice versa), and these oxides are called piezoelectric 
oxides. When a piezoelectric oxide possesses a polar axis and spontaneous charge 
polarization (in the absence of an electric field) that can be reversed by the application 
of an external electric field, it is called a ferroelectric oxide.  
2.1.3 Magnetism in metal oxides 
 The origin of magnetism 
Magnetization is the vector sum of all the magnetic moments in a material per unit 
volume. The magnetic moment arises from individual electrons in the atom, which 
can be divided into three sources: the orbital angular momentum with respect to the 
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nucleus (orbital moment), the intrinsic spin of the electrons (spin moment), and the 
change in orbital moment induced by a magnetic field
2
. The orbital moment is usually 
much smaller than the spin moment and therefore, magnetism is largely influenced by 
the behavior of electron spins.  
In SI units the relationship between the applied magnetic field and magnetization is 
expressed as:   
B = μ0(H + M)                             (2-21) 
where B is the magnetic flux density or magnetic induction (unit: Tesla (T)), μ0 = 
1.256637×10
−6
 in T.m/A is the magnetic permeability of the free space, H is the 
magnetic field strength (unit: A/m) and M is the magnetization (unit: in A/m).  
The degree of magnetization of a material in response to an applied magnetic field 
is defined as the magnetic susceptibility (χ):  
χ = ∂M/∂H                                (2-22)  
The magnetic susceptibility and its dependence on the magnetic field and 
temperature determine different magnetic behaviors. 
 Classification of magnetism 
Depending on the distribution of magnetic moments without a magnetic field and the 
response with respect to an applied magnetic field, magnetism can be classified into 5 
categories:  
1. Paramagnetic (PM) materials do not possess spontaneous magnetization and have a 
weak linear response to an applied magnetic field (a small χ).  
2. Ferromagnetic (FM) materials exhibit spontaneous parallel alignment of magnetic 
moments, which results in a net magnetization in the absence of a magnetic field. This 
FM order exists only below a critical temperature (the Curie Temperature (Tc)). Below 
Tc, the moments are correlated and align over macroscopically large areas (the 
magnetic domain). Above Tc, the moments are randomly oriented in a PM distribution, 
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resulting in a net magnetization of zero. The magnetic moments in a FM material tend 
to align in some favorable directions (called easy directions, or easy axes). The easy 
axes are determined by the crystal structure, atomic-scale texture, strain state, or 
shape of the sample, which give rise to anisotropic magnetic properties (called 
magnetic anisotropy).  
3. Diamagnetic (DIM) materials only possess magnetization when an external 
magnetic field is applied, and the induced magnetic moments are antiparallel to the 
magnetic field.  
4. Anti-ferromagnetic (AFM) materials have equal but antiparallel sublattice moments 
and show zero net magnetization in the absence of a magnetic field. The critical 
temperature for AFM ordering is called the Neel Temperature (TN).  
5. Ferrimagnetic (FIM) materials have similar sublattice arrangements as AFM 
materials, but the magnetic moments of the sublattices are not equal and thus a net 
magnetization is present. 
The spin arrangements in FM, AFM, and FIM domains are illustrated in Fig. 2-6.  
 
Figure 2-6. The electron spin arrangement in (a) a ferromagnetic, (b) an 
antiferromagnetic and (c) a ferrimagnetic domain.  
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 Magnetic hysteresis loop 
The response of the magnetic induction B (or magnetization M) to an applied 
magnetic field H describes the magnetic behavior of a FM material and has a 
hysteretic shape, which is called the magnetic hysteresis loop, as shown in Fig. 2-7. 
By using equation 2-21, the B-H loop can be converted to the corresponding M-H 
loop.  
  The M-H loop in Fig. 2-7 reflects the magnetization process. Starting from the 
unmagnetized state (“0” state), the net magnetic moment is zero because the magnetic 
domains are randomly aligned. With the application of a magnetic field, the domains 
tend to align parallel to the easy axis through moving of domain walls (“1” state), 
which results in a sharp nonlinear increase in the magnetic moment until all the 
domains are aligned along the easy axis to form a single-domain state (“2” state). 
When the magnetic field increases further, the moment tends to align further to the 
direction of the magnetic field, which increases the measured magnetic moment until 
a saturated state is reached (“3” state). This measured moment is called saturation 
magnetization (Ms). No further increase in magnetization happens when the magnetic 
field is increased. When the magnetic field is reduced and returns to zero, the 
magnetization of a ferromagnetic material does not drop to zero, but rather a  
remnant magnetization (Mr) is retained (“4” state). In order to reduce the 
magnetization to zero, a negative magnetic field is needed (“5” state), which is called 
the coercive field (Hc).  
Depending on the shape of the M-H curve, FM materials are classified into soft or 
hard magnets. In the case of hard magnets, the Mr and Hc and the dissipated magnetic 
energy (the area of the M-H curve) are generally larger than those of a soft one. These 
materials can keep a large magnetization after the applied magnetic field is removed 
so that they are usually used as permanent magnets. On the other hand, soft magnets 
can be easily magnetized and demagnetized, and have wide applications in magnetic 
storage devices. The magnetic anisotropy gives M-H curves with different shapes 
(with different values of Mr and Hc) in one material when the magnetic field is 
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applied along different directions.  
 
Figure 2-7. The technical magnetization curve (magnetic hysteresis loop, on the right) 
and the corresponding schematic illustration of the evolution of domain structures (on 
the left) in a ferromagnetic material.  
 Magnetic interactions in metal oxides 
In metal oxides, the existence of metal-oxygen ionic bonds precludes direct 
interactions between metal ions and therefore indirect couplings are responsible for 
the magnetic interactions. A number of exchange coupling models in magnetic oxides 
have been developed to address how indirect exchanges interact through the 
nonmagnetic bridge (oxygen ions in metal oxides). Classic models include 
super-exchange (SE), double exchange (DE), and RKKY coupling
20,21
.      
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Figure 2-8. Schematic diagram of magnetic interactions in metal oxides: (a) 
superexchange (taking LaMnO3 as an example) and (b) double exchange (taking 
alkaline-doped LaMnO3 as an example).   
Super-exchange (SE): The model was proposed by Kramer in 1934 and developed by 
Anderson in 1950
22
. It takes place between two cations with unpaired spins bound by 
an anion without unpaired spins, where the cations have the same valence. The 
coupling can be either FM or AFM depending on the differences in electron orbitals. 
Fig. 2-8 (a) shows an example of SE coupling: the oxygen bonding leads to an 
anti-parallel spin alignment of nearest neighboring Mn
3+
 in LaMnO3: The orbital 
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hybridization process results in electron orbital overlap and electrons are donated 






) in LaMnO3 have less than 
half-filled 3d orbitals. By Hund’s rule, the donated spins from O
2-
 should be parallel 
to the spins in Mn
3+
. Since the 2p spins of O
2-
 are antiparallel with each other, the 
result is a collective antiparallel spin alignment of nearest neighbor Mn
3+
 ions.   
Double exchange (DE): The DE model was proposed by Zener in 1951
23
, which 
describes FM coupling in mixed-valence compounds. In SE coupling, the valences of 
the metal ions are the same and do not change, while the DE interaction occurs only 
when one ion has an extra electron compared to the other, and a change in valence 
occurs. Fig. 2-8 (b) shows the DE process in an alkaline (Ca, Sr or Ba)-doped 
LaMnO3, where Mn
4+
 is produced and coexists with Mn
3+
. The electron conduction 
and FM coupling proceed through a double-step process in which electrons jump back 
and forth in neighboring Mn sites across the oxygen bridge. The electron is thus 






 group. Since spin-flips are not allowed in 
electron hopping processes, a parallel alignment between the two Mn ions is more 






RKKY coupling: RKKY coupling exists when magnetic ions are too far apart to 
interact with each other, and a localized spin polarizes the spin of surrounding 
conduction electrons which creates an effective field to influence the polarization of 
nearby localized ion spins with the polarization decaying in an oscillatory manner
21
. 
RKKY coupling can be used to explain magnetic coupling in dilute magnetic 
semiconductor systems and Giant Magnetoresistance in magnetic heterostructures
20,21
.  
2.2 Non-volatile memories (NVM) 
The industry has stepped into an era with rapidly growing information process 
systems, where advanced data storage techniques are emerging to compete with the 
development speed of computing logic technology and overcome the so-called 




. The essence of nonvolatile data storage is the switch between 
distinct logic states (“1” or “0”) of a memory signal in a memory cell. The memory 
signal can be electrical (charge, current, resistance) or magnetic (spin, magnetic 
moment). The storage operation includes “write” and “read” processes, which can be 
either electrical (electrical current or field) or magnetic (magnetic field).  
2.2.1 Bottlenecks in conventional memories  
Traditional CMOS-based memories, including Dynamic Random Access Memory 
(DRAM), Static RAM (SRAM) and Flash memory, have slowed down the pace of 
memory development due to various performance-cost tradeoffs
24,25
: The DRAM has 
a large storage density, but is volatile, and thus must be powered continuously to 
retain its memory states. Although Flash memory is nonvolatile, this advantage comes 
at the price of a limited cycling endurance and slow write speed, and thus its 
application is restricted to solid-state hard disks and storage media for digital cameras 
and cellphones. SRAM exhibits high speed but is compromised by its low density, 
which limits the increase in on-chip memory capacity. 
2.2.2 Novel electrical/magnetic NVMs 
The rapid development of information technology calls for novel non-volatile random 
access memory (NV-RAM) devices, which not only retain the memory data when the 
power source is cut off but also have optimized performance and cost
26
. Advances in 
NV-RAMs have featured several materials systems ranging from metals, transition 
metal oxides, chalcogenides to carbon-based materials. Meanwhile, numerous novel 
physical mechanisms have also emerged, expanding from classical electronics to 
quantum mechanics, ionic transport, strong correlation among spin-charge-orbital 
degrees of freedom, etc. Most of the emerging NVMs are based on two-terminal 
switching elements, which are compatible with miniaturized high-density memory 
architectures such as cross-bar arrays
24
.  
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The newly-developed NV-RAMs, including Phase-Change RAM (PCRAM), 
Resistive RAM (RRAM), Ferroelectric RAM (FeRAM) and Magnetic RAM 
(MRAM)
24,27
, utilize either single or integrated electrical/magnetic properties of 
materials. These novel memories combine the speed of SRAM, the density of DRAM 
and the nonvolatility of Flash memory, providing enormous possibilities to greatly 
enhance the data storage capacity and reduce the cost. This makes NV-RAMs a viable 
replacement to the extant expensive-to-build silicon chips/CMOS which currently act 
as the memory cells in all kinds of electronic devices (such as microphones and 
cameras) and computing systems
28
.  
This section briefly introduces NV-RAM techniques related to this thesis, mainly 
focusing on the basic technical aspects (the memory signals, the memory cell 
structures and the “write” and “read” approaches). Specific issues in each technique 
will be raised and the proposal for materials-engineering solutions will be discussed in 
detail at the beginning of each result chapter.    
 Resistive RAM (RRAM)26 
Electronic charge, which is used as the storage signal in traditional memory 
techniques, has a shortage of limited miniaturization of memory cells, as the amount 
of electrons to be retained becomes increasingly difficult when the memory cell 
shrinks
26
. RRAMs overcome this obstacle as they use resistance for information 
storage, rather than charge. RRAM has attracted lots of attention due to its 
compatibility with conventional semiconductor processes
28
. A RRAM memory cell is 
a two-terminal metal-insulator-metal (MIM) unit (see Fig. 4-1), and the data storage 
relies on the ability of the insulating material to be switched between two or several 
resistance states with the application of an electric field. The switching of the 
resistance state relies either on the formation/rupture of a conductive filament inside 
the insulating matrix, or the modification of the metal-oxide interfacial Schottky 
barrier. Transition metal oxides provide a good platform for studying RRAM due to 
their versatile nature of oxygen and cations. In RRAM devices, the “read” signal is 
electrical resistance (or current) while the “write” method is electrical field (or 
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voltage). Improvement of RRAM performance using VAN will be discussed in detail 
in Chapter 4 of this thesis. 
 Magnetic RAM (MRAM) and spintronics 
MRAM stores information using magnetic moments (spin). The use of the electron 
spin in addition to its charge brings about the development of spin electronics (or 
spintronics). Several terms need to be clarified before discussing MRAM techniques:   
Magnetic tunneling junction (MTJ) and Tunneling Magnetoresistance (TMR). A 
MTJ is comprised of two ferromagnetic layers separated by a thin insulating layer, as 
shown in Fig. 2-9. The magnetization of one ferromagnetic layer is fixed (fixed layer) 
while that of the other layer (free layer) can be flipped during the “write” operation. If 
the insulating layer is thin enough, quantum mechanical tunneling of electrons can 
occur from one ferromagnetic layer to another. The current flow is determined by the 
relative spin configuration of the two ferromagnetic layers: a parallel spin alignment 
results in higher tunneling rates leading to a low resistance state while an antiparallel 
spin alignment yields a high resistance state. The application of a magnetic field can 
alter the spin configurations of the two ferromagnetic layers and thus leads to 
spin-polarized tunneling (called tunneling magnetoresistance (TMR)), resulting in 
switching between different resistance states.  
 
Figure 2-9. Schematic diagram of a Magnetic Tunneling Junction (MTJ). When the 
spins of the fixed layer and the free layer are parallel, the Tunneling 
Magnetoresistance (TMR) is lower (a), while the antiparallel alignment gives a high 
resistance state (b).   
2.  Introduction 
32 
Spin-polarized current. Electrical current is transported by charge carriers such as 
electrons which have intrinsic spins. If the current contains more electrons with either 
spin direction (up or down), then it is termed as a spin-polarized current. The spin 
polarization is defined as the degree to which the spins are aligned in one direction, 
which is determined by the density of states near the Fermi level. Materials with high 
spin polarization, such as ferromagnetic metallic manganites
29
, are termed as 
“half-metals”.    
MTJ is the basic memory cell in MRAMs. In a MRAM, the “write” process relies 
on the degree of spin alignment of the two magnetic layers, while the “read” process 
detects the resistance change caused by the alteration of spin alignments. 
Conventional MRAM, which uses electrical currents to induce magnetic fields to flip 
the spins in the “write” operation, is limited by its high power consumption and low 
scalability. These limitations triggered the development of a novel MRAM, 
Spin-Transfer-Torque RAM (STT-RAM), which directly uses spin-polarized currents 
(instead of magnetic fields) to switch the spin alignment of magnetic layers: a current 
flowing through the spin-polarized ferromagnetic “fixed layer” is being spin polarized, 
which then transfers the angular momentum of the polarized spin to the spins in the 
“free layer”, resulting in parallel spin alignment between the free and fixed layer. An 
opposite current flow can result in antiparallel spin alignment, as the spins antiparallel 
to the fixed layer are scattered and then transfer their momentum to the spins in the 
free layer. By changing the direction and magnitude of the current flow, the relative 
spin alignment between the free and fixed layers is changed and thus relying on TMR 
of the MTJ, switching between different resistance states occurs
28
. It is worth pointing 
out that the spin switching in both MRAM and STT-RAM relies on electrical current, 
which brings with it the problem of power consumption. This problem can be 
overcome by replacing the electrical current with spin flow, and a pure spin flow can 
be carried by a ferromagnetic insulator (FMI)
30
. FMIs have gained increasing 
attention due to their capability to manipulate the spin interactions/dynamics of 
electrons without unrequired electron current flow
31
.     
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Obtaining highly spin-polarized electron tunneling is important in STT-RAM. 
While the common method is by tunneling through a ferromagnetic metallic layer 
through a nonmagnetic insulator (such as MgO), tunneling through a ferromagnetic 
insulator is a high-efficiency alternative
32
. The barrier heights for spin-up and 
spin-down electrons of ferromagnetic insulators are very different due to the exchange 
splitting of the density of states. Since the tunneling current has an exponential 
dependence on the barrier height, highly efficient spin filtering can be generated
33
. 
This brings about the development of spin filter tunneling junctions. A spin filter 
device has a sandwiched structure similar to that in Fig. 2-9, but one metal layer 
should be non-magnetic acting as a spin injection layer. A thin ferromagnetic insulator 
(FMI) layer then acts as the spin filtering (tunneling) layer and a ferromagnetic metal 
(FMM) is used as the spin detection layer which collects spins depending on its 
relative spin alignment with respect to the filtering layer using a MTJ
34
.  
As discussed above, FMM and FMI are both important components for MRAM 
and spintronic devices. Chapter 5 of this thesis will discuss nanoengineering of new 
FMM and FMI candidates using VAN.    
 Magnetoelectric RAM (MERAM)35,36 
Although MRAMs have exhibited equal or better access time and endurance 
properties compared to other alternative NV-RAMs, the need for electric current in 
the “write” process usually inevitably causes high power consumption, in both 
conventional MRAMs and STT-RAMs. Apart from replacing electric current with a 
pure spin flow mentioned above, another alternative solution is to use an electric field 
(or voltage) in the “write” process. This can be realized in a system with 
magnetoelectric (ME) coupling, where the magnetic order can be tuned by an electric 
field (or the charge polarization can be altered by a magnetic field). Electric field 
tuning of magnetization is realized either in one-material systems with coexisting 
ferromagnetic (FM) and ferroelectric (FE) order (multiferroics), or via interfacial 
strain coupling/charge transfer in composites.  
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A MERAM device enables an electric field to control the magnetization in the FM 
phase through interfacial exchange coupling. This not only eliminates the need for 
using a magnetic field or electrical current in data storage but also makes it possible 
for the integration of multiple memory signals in one memory device. For example, in 
a multiferroic composite where FM and FE orders coexist, the application of an 
electric field can not only polarize the electrical charge in the FE component but also 
tune the magnetic property (moment, anisotropy, etc.) of the FM component. Thus, 
both the charge polarization and the magnetization can be used as memory signals.  
Since magnetic switching is purely dependent on electric field instead of current, a 
FMI is preferably needed to endure an electric field. The effective coupling between 
the electrical and magnetic degrees of freedom is important for enhanced working 
efficiency of a MERAM. Trials on novel MERAM systems will be presented in 
Chapter 6.  
2.3 Vertically-aligned nanocomposites (VAN) 
The vertically-aligned nanocomposite (VAN) provides a novel platform to tune and 
integrate the multi-functionality for various memory devices. The VAN structure is 
self-assembled through epitaxy. This section starts from the introduction to epitaxy 
films and then to the unique features of VANs. 
2.3.1 Epitaxial thin films 
The growing need for miniaturized memory devices triggered the research interests of 
low-dimensional systems rather than bulk. Epitaxial thin films are a highly versatile 
candidate system. 
  Epitaxial oxide thin films are grown on and adapt to the atomic-scale crystal 
features of single-crystalline substrates. The epitaxy not only enables enhanced 
crystallinity compared to the bulk but also provides strain tuning and interfacial 
coupling, thus bringing about fascinating opportunities for the realization of improved 
properties and emergent electronic phenomena. The study of functional oxide thin 
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films benefits from newly-developed growth techniques and characterization methods. 
Advanced thin film growth techniques create non-equilibrium deposition conditions 
that result in large variations in microstructure, stoichiometry and thus tunable 
functionalities. Ultra-thin functional oxide films (≤100 nm) are now of great interest 
in studying low-dimensional systems. Various applications of ultra-thin oxide films 
have been achieved in electronic and renewable energy technologies. 
  The films grown on a substrate with different lattice parameters may be liable to 
strain to accommodate the lattice mismatch. In a pseudomorphic (fully-strained) 
growth, when the substrate lattice is larger than that of the film (asubstrate>afilm), the 
film is under tensile strain in the in-plane direction, while a compressive strain is 
realized in the opposite case (asubstrate>afilm). The crystal lattice of the film is forced to 
be equal to that of the substrate and deforms accordingly under elastic constraints 
which results in different structural and physical properties as compared to the bulk. 
In some cases, misfit dislocations may be formed to relax the strain, and a fully 
relaxed film phase is formed, which resembles that of the bulk.   
2.3.2 VAN films and their structural features 
The tunability of oxide films is reaching its limit in single-phase form. Composites, as 
an alternative, exhibit more tunable and enhanced properties due to the coupling of 
functionalities between the different systems. In a nanocomposite, at least one phase 
has dimension in the nanometer scale, which enlarges the interface areas and 
improves aspect ratios
37
. Fig. 2-10 shows 3 types of nanocomposite structures: 
nanoparticles in a matrix (0-3 type), lamellar multilayer nanocomposite (2-2 type) and 
vertically aligned heteroepitaxial nanocomposite (1-3 type)
38
.  
The unique 1-3 type epitaxy in VAN structures is created by self-assembly, which is 
a “bottom-up” nanofabrication technique
39
. The self-assembly approaches surpass the 
“top-down” (i.e. lithography) methods for fabricating nano-scale features due to their 
simple and cost-effective fabrication process and the availability to reach smaller sizes 
(≤10 nm). In contrast to self-assembly, the conventional lithography not only needs 
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multi-steps (such as etching) but also needs great effort to improve the resolution. 
 
Figure 2-10. Schematic diagrams showing the three types of nanocomposite 
structures: (a) nanoparticles in a matrix (0-3 type), (b) lamellar multilayers (2-2 type) 
and (c) vertically aligned heteroepitaxial nanocomposite (1-3 type). 
Fig. 2-10 (c) shows a typical VAN structure, where a nanocolumn phase is 
embedded vertically inside a continuous matrix phase and both phases form epitaxy 
onto a substrate. In some cases, a checkboard layout is formed, where both phases 
grow into separate columns. In VAN structures, epitaxy exists both in the out-of-plane 
(op) direction (between the two phases) and in the in-plane (ip) direction (between 
film and substrate), and thus two types of strain are generated, resulting in a 
3-dimensional (3D) strain state for both phases. 
Compared with a conventional plain film (PF), VAN exhibits a lot of advantages: 
1. 3D strain engineering. A stiff nanocolumn embedded within a softer matrix can 
effectively tune both the op and ip strain states of the matrix phase. Overall, the 
resulting 3D strain is totally different to what can be achieved in a PF
40,41
. 
2. Thickness freedom and Strain uniformity. In PFs, the substrate clamps the strain 
when the film is thin, making it difficult to tune the physical properties using external 
forces. Also, the substrate strain is restricted up to a critical thickness, from a few to 
10s of nm, after which the strain relaxes in complex ways. In contrast to PFs, vertical 
strain in VAN can be maintained without thickness limitation
42
 whenever vertical 
epitaxy is achieved. While the matrix phase is initially clamped by the substrate ip, 
after a certain thickness the columns dominate the strain state of the matrix phase
43
 in 
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both the ip and op directions
40,44
. The columns act as “anchors” to maintain a stable 
and uniform strain of the matrix, without inhomogeneity or relaxation. The lesser 
constraints from the substrate clamping or relaxation enhance the tunability of 
functionality in thin VANs and the structural homogeneity in thick VANs.  
3. Improved crystal quality. Vertical interfaces in VAN films are different from the 
lateral substrate/film interfaces in PFs. When PFs are ultrathin, the resultant strong 
modification by substrates leads to the formation of various kinds of defects to 
compensate for the strain, which sometimes results in a “dead layer effect”
45
. In VAN 
films, the growth rate of the VAN vertical interface is much slower than that of the 
substrate/film interfaces. This likely enables misfit dislocations to form readily 
instead of other deleterious defects
45–47
. 
4. Easy interface probing. In a planar structure, the interface is buried in the lateral 
direction, while in VANs, the exposed vertical interfaces can be easily probed using 
microscopic imaging, providing opportunities for studying the properties of the bulk 
and interfacial parts separately (and simultaneously).  
5. Tunable structure and property through nanoengineering. First, the 
combination of constituent phases can be artificially designed. Second, the molar ratio 
between the two certain phases can be altered. The growth rate and temperature of one 
VAN composition can also be varied with ease. These growth parameters strongly 
influence the growth kinetics of VANs, and the resulting nanocomposite structures 
can have different length scales and even morphologies (such as pyramidal crystallites, 
nanoparticles, nanoplates or nanocolumns
38
). The tunable structures enable highly 
tunable physical properties, which are hard to realize in PFs. 
2.3.3 Growth of VAN 
 Selection guidelines for the constituent phases 
Numerous oxide structures exist in nature, but random combinations may not 
necessarily create desired VANs due to thermal-dynamic constraints. Before growth, 
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choosing the right materials is an imperative step to obtain phase-separated, highly 
epitaxial and ordered structures. The criteria for the selection of VAN precursors, 
according to MacManus-Driscoll et al.
43,48
, are as follows:  
1. The targeted constituent phases (at least one phase) should be able to have good 
epitaxy when independently grown on the substrate. Epitaxy is more favorable when 
the film and the substrate have similar crystal structures and lattice parameters. 
2. Both constituent phases should have similar growth kinetics within an overlapping 
growth window (e.g. growth temperature and oxygen partial pressure). 
3. The targeted phases are not necessarily the phases which are present in the 
precursor target (which are sometimes solid solutions) but should be the most 
thermodynamically favorable phases to form epitaxy on the substrate under the 
designed growth condition. 
4. The solubility limit is the most important factor to consider in order to obtain clean 
constituent phases. A sufficient difference in cation radii is required to prevent 
intermixing between the two phases. A difference in crystal symmetry can also reduce 
the solubility level. 
5. Two phases with different elastic moduli are preferred to enable effective strain 
control of the softer phase by the stiffer phase.  
 Mechanisms for epitaxial thin film growth 
Before discussing the phase separation mechanisms of VANs, it is necessary to make 
clear how a thin film grows. In a physical vapor deposition process, when the adatoms 
initially wet onto the substrate, the growth mode is determined by the surface energy 
between (1) adatoms/adatoms and (2) adatoms/substrate and is described by the 
droplet theory of nucleation
20
. The equilibrium among the horizontal component 




γsv = γfs +γfv cosθ                              (2-23)                    
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where γsv, γfs and γfv represent the substrate surface energy, the substrate/film 
interfacial energy and the film surface energy, respectively, and θ is the wetting angle.  
 
Figure 2-11. Schematic diagram of an atomistic nucleation process showing the 
relationships between surface energies during a vapor deposition process. 
The difference between the substrate surface energy γsv and substrate/film 
interfacial energy γfs is termed as the wetting strength:  
                 Δγ = γfs - γsv = -γfv cosθ                            (2-24) 
Using Young’s equation as a theoretical guide, different wetting angles θ correlate 
to different wetting strengths, resulting in different thin film growth modes
49,50
:  
Island growth (Volmer-Weber growth) (Fig. 2-12 (a)): when θ is large (>0), γfs is large. 
The substrate/film interfacial energy exceeds that of the substrate surface energy 
(resulting in a small wetting strength), and the deposited adatoms have stronger bonds 
with each other than with the substrate, and thus they tend to form clusters and grow 
into 3D islands. This growth mode usually occurs when the substrate and film 
materials are different.  
Layer-by-layer growth (Frank-Van der Merwe growth) (Fig. 2-12 (b)): when θ = 0
o
, 
γfs is small. Adatoms have stronger bonds with the substrate and wet on the substrate 
completely, forming 2D layers. This is the ideal case for planar film growth and 
usually occurs when the growth rate is low and the growth temperature is high. 
Mixed island-layer growth (Stranski–Krastanov growth) (Fig. 2-12 (c)): in some 
cases, layer-by-layer growth is initially favorable but then taken over by island 
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growth.   
 
Figure 2-12. Schematic diagrams of three thin film growth mechanisms: (a) 3D island 
growth, (d) 2D layer-by-layer growth and (c) Mixed island-layer growth.   
 Mechanisms for self-assembly in VANs 
The growth of a VAN, in most cases, only partially obeys the classical thin film 
growth mode, and most likely show the 3D island growth mode
51
. Due to the different 
wetting strengths of different constituent phases, it is difficult for them to have even 
or uniform spread on the substrate.  
A self-assembled VAN is formed by two simultaneous processes: the growth of the 
constituent phases and a spontaneous phase separation process (which is absent in 
plain films). Depending on the miscibility between the two phases (termed as AOα 
and BOα), MacManus-Driscoll et al.
48
 pointed out three mechanisms for the phase 
separation of VANs:  
Nucleation and Growth  
When the two phases are immiscible over the whole temperature range, there is no 
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solid solution between AOα and BOα, and the two phases form on the substrate by 
“Nucleation and Growth”. Depending on (1) the A: B ratio, (2) the surface energies 
and the crystallographic relations between the two phases and between each phase and 
the substrate, and (3) the growth kinetics, the resulting morphology is likely to be 
nanopillars, nanoparticles, nanoplates, etc. One example of this growth mode is the 
perovskite-spinel combination, such as BiFeO3-CoFe2O4.  
According to Chen et al.
38
, the nucleation-and-growth of a VAN structure usually 
undergoes three stages, as illustrated in Fig. 2-13:  
(a) Surface diffusion of adatoms. Different species first arrive and are trapped onto 
the substrate surface, and adatoms with the same phase tend to agglomerate due to 
similar surface energies. (b) Nucleation and island growth, which occurs after the 
diffusion process and reduces the free energy. (c) Final phase separation, which is 
realized through further column growth after nucleation. 
 
Figure 2-13. Schematic diagrams showing the nucleation and growth process of the 
VAN thin films: (a) adatoms diffusion, (b) nucleation and island growth and (c) 
columnar growth. 
Spinodal decomposition 
When the cations of the two phases are widely soluble at high temperatures but the 
crystal structures become incompatible and tend to cluster upon cooling down, 
composition fluctuations occur due to lowering of the free energy, which leads to 
phase separation.  
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  The composition fluctuations start from sinusoidal compositional variations which 
are then “squared off” over time and with lowering temperature, eventually resulting 
in the formation of discrete phases with sharp phase boundaries. Depending on the 
range of miscibility regions, the system either undergoes strong phase separation into 
distinct structures or simply forms into a single mixed phase consisting of 
compositionally rich and poor regions. The clustering process is influenced strongly 
by time, temperature and composition. In most oxides, spinodal decomposition occurs 
below 500℃. Fig. 2-14 shows a schematic diagram of a spinodal decomposition 
process from a disordered state to an ordered checkerboard nanostructure. 
  One example of this growth mode is the phase separation between a multinary 
oxide (AOα) and a binary oxide BOα (a subset of AOα). For example, when growing 
NiFe2O4-NiO, excessive amounts of NiO powders are added into the precursor target 





Figure 2-14. Schematic diagram of the decomposition from a disordered spinodal 
state to an ordered spinodal state.  
“Pseudo-spinodal” Decomposition 
This process includes both “nucleation and growth” and “spinodal decomposition”, 
and usually occurs in oxide systems with partial miscibility and different symmetries. 
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In this growth process, an initially random mixture of cations decomposes into 
coherent precipitates, and the precipitates form by nucleation and growth. The 
resultant composite contains a low-symmetry phase embedded in a high-symmetry 
matrix phase (for example, the growth of tetragonal precipitates in a cubic matrix).    
Apart from the above-mentioned phase separation modes, several other factors 
should be taken into consideration for the determination of the eventual 
nanostructures and compositions, including but not limited to lattice mismatch, 
surface energies, volume fractions, elastic moduli, and growth kinetics.  
First, in the nucleation and growth mode, the phase which has the highest 
crystallographic matching with the substrate has a higher tendency to form the matrix 
phase. The epitaxy of the column phase, on the other hand, can be realized either 
through epitaxy with the substrate or with the matrix phase. In some cases, when the 
column phase does not show good epitaxy with the substrate, epitaxial growth of this 




Second, surface energies strongly influence the surface feature of the constituent 
phases in VAN films. For example, in the CoFe2O4-BiFeO3 VAN grown on the SrTiO3 
(001) substrate, pyramidal crystallites of CoFe2O4 are formed. This feature is due to 
the lowest surface energy of the pyramidal CoFe2O4 (111) planes
54
 which determines 
the surface termination of the crystals.  
Moreover, in Pulsed Laser Deposition (PLD), the growth temperature and growth 
rate influence the growth kinetics drastically. It has been reported that the increase in 
growth temperature and the decrease in growth rate generate a larger diffusion length 
of adatoms and thus result in larger feature sizes of the constituent phases
54,55
. Chapter 
4.5 and Chapter 5.4 will study this in detail.     
2.3.4 Development and advances of VAN 
The first studied self-assembled nanocomposite system was the (La0.7Ca0.3MnO3)1-x: 
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(MgO)x film reported by Lebedev et al.
56
 and Moshnyaga et al.
41
 almost at the same 
time (around 2003). The films were grown by metal-organic aerosol deposition 
(MAD). The magnetoresistance and phase transition of La0.7Ca0.3MnO3 were tuned 
via a 3D tensile strain from MgO. However, the two phases grown using this 
solution-based method were not well oriented. From then on, extensive research on 
VANs has benefitted from the development of more advanced growth techniques such 
as Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE).  
Highly oriented BaTiO3-CoFe2O4 (BTO-CFO) VAN was first grown by Zheng et 
al.
57
 in 2004 using PLD: a spinel magnetostrictive CFO was embedded inside a 
perovskite ferroelectric (piezoelectric) BTO matrix and strong coupling between the 
magnetic/ferroelectric order parameters was realized. This prompted subsequent 







. Meanwhile, other 




 have also 
been extensively studied.  
A comprehensive summary of the reported VAN systems is listed in Table 2-3. The 
advances are mainly achieved through, but are not limited to the strain tuning of 
physical properties and the use of interfacial coupling effects. This simple but elegant 
self-assembly process makes it much easier to integrate functionalities without 
resorting to other complex device-fabrication techniques such as lithography. Apart 
from these classical VAN systems, more fascinating structural designs are being 
explored extensively, bringing in novel architectures/properties that can never be 
realized in conventional materials systems. For example, a double VAN stack enabled 
improved crystallinity and ionic conductivity in Y:ZrO2 by seeding the growth of a 
Y:ZrO2-SrTiO3 VAN on a sub Sm: CeO2-STO VAN layer
64. Hierarchical Templating 
of a highly oriented BiFeO3-CoFe2O4 was realized using a self-assembled triblock 
terpolymer
65
. 3D strain tuning through alternating growth of CeO2 planar layers with 
LSMO-CeO2 VANs gave rise to a highly tunable magnetoresistance
66
. An auxetic-like 
strain effect was realized when a stiff nanocolumn phase was embedded in a soft 
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matrix, where the thermal shrinkage of the column phase upon cooling down after 
deposition resulted in both ip and op tension in the matrix phase, which could never 
be realized through elastic coupling in planar structures
44
.   
Table 2-3.  Summary of VAN systems 











 Perovskite-Fluorite PLD 
BiFeO3-Sm2O3
43
 Perovskite-Bixbyite PLD 
Ba0.6Sr0.4TiO3-Sm2O3
68
 Perovskite-Bixbyite PLD 
SrTiO3-Sm2O3 
69
 Perovskite-Bixbyite PLD 
SrRuO3-CoFe2O4
70
 Perovskite-Spinel PLD  
 
Tuning of electronic 
or ionic transport 
La0.67Ca0.33MnO3-NiO
71
 Perovskite-Rocksalt PAD 
La0.7Sr0.3MnO3-CeO2
72
 Perovskite-Fluorite PLD 
La0.7Sr0.3MnO3-ZnO
73
 Perovskite-Wurtzite PLD 
La0.7Ca0.3MnO3-MgO
41,56
 Perovskite-Rocksalt MAD 
Sm:CeO2-SrTiO3
74
 Perovskite-Fluorite PLD 
Y:ZrO2-SrTiO3
64
 Perovskite-Fluorite PLD 
BaTiO3-CoFe2O4
57
 Perovskite-Spinel PLD Magnetoelectrics 
and multiferroics BiFeO3-CoFe2O4
58
 Perovskite-Spinel PLD 
Pb(Zr0.52Ti0.48)O3-CoFe2O4
75
 Perovskite-Spinel PLD 
Na0.5Bi0.5TiO3-CoFe2O4
76
 Perovskite-Spinel PLD 
La2CoMnO6-ZnO
77





 Rocksalt-Spinel PLD  
Interfacial coupling 
(Exchange bias, etc) 
La0.7Sr0.3MnO3-BiFeO3
61
 Perovskite-Perovskite PLD 
La0.7Sr0.3MnO3-LaFeO3
78
 Perovskite-Perovskite PLD 
*PAD: Polymer-Assisted Deposition,  MAD: Metal-organic Aerosol Deposition 
Recently, the assembly of VAN films on Si substrates and the growth of VAN using 
sputtering have pushed VAN closer to industrial applications
49,79
. More possibilities 
can be further explored by broadening the scope of VAN structures from all-oxide 
systems to metal-oxide composites
80
 or even polymers. The VAN field is young but 
has lots of potentials.  
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2.3.5 The potential of VAN for tuning the multi-functionality for 
NV-RAMs 
One ultimate goal for tuning the multi-functionality of oxide thin films is to address 
the issues in memory techniques raised in Chapter 1 and Chapter 2.2.2. As 
summarized in Table 2-3, the unique structure of VAN provides a good platform for 
the study and improvement of properties:  
First, the VAN structure can be divided into three parts: the column, matrix and 
vertical interface. The strain uniformity and structural distinction in VANs not only 
favor the tailoring of electronic and ionic transport but also makes it possible to 
decouple the transport channels for different charge carriers.  
Second, the 3D VAN strain provides more versatile ways for nanoengineering. The 
highly tunable self-assembly kinetics also makes it easier to tune the dimensionalities 
and engineer the physical properties through self-assembled (rather than artificial) 
dimension control. These make the ferromagnetic, ferroelectric, dielectric and other 
properties highly tunable. 
The freedom from substrate clamping and the intimate interfacial strain 
coupling/charge transfer between the constituent phases in VAN are also intriguing for 
the coupling/integration of the above-mentioned multi-functionality via exchange 
interactions through the vertical interfaces.  
In this thesis, nanoengineering of multiple properties (including electronic/ionic 
conduction, electrical transport and ferromagnetism) of oxide thin films using VAN 
approaches will be presented in each result Chapter (4 to 6). The ultimate goal of 




Chapter 3    Experimental Methods 
 
This chapter presents an introduction to the basic working principles of all 
experimental methods used in my works, including film growth, characterization, and 
measurements. More detailed experimental parameters of any particular technique 
will be provided in each result chapter (Chapter 4 to 6) when the technique is used. 
3.1 Thin film growth 
3.1.1 Making the precursors: target synthesis 
Pulsed Laser Deposition (PLD) (details will be described later) is one of the most 
widely-used techniques to grow vertically-aligned nanocomposites (VAN). The 
self-assembly process occurs via spontaneous phase separation in a one-step process, 
by ablating one ceramic composite target or alternatively ablating several targets. The 
ceramic targets are sintered via solid-state reactions. In order to enhance the phase 
purity and stoichiometry, several factors should be taken into consideration in the 
target making process: 
1. The materials selection should follow the three phase-separation principles 
discussed in Chapter 2.3.2: either with non-miscibility (for nucleation-and-growth) or 
with non-miscibility gaps (for spinodal decomposition). One way to minimize the 
intermix between the different phases is to firstly crystalize the powder of one phase 
at a high temperature, which is then followed by an additional sintering after mixing 
with the powder of the second phase. Fig. 3-1 shows the two-step solid-state reaction 
process of the target sintering for the La0.9Ba0.1MnO3-CeO2 VAN films studied in 
Chapter 5. 
2. The sintering temperature of ceramic phases should be set at around 50-75% of the 
melting point
81
. For most oxides, the melting temperature is around 2000℃ and 
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therefore 1100℃–1300℃ is a commonly used sintering temperature for oxide 
ceramic targets.  
3. For targets containing volatile elements (such as Bi and K), a slightly excessive 





Figure 3-1. Flow diagram for the solid-state chemistry route used to elaborate the 
ceramic perovskite La0.9Ba0.1MnO3-CeO2 target for the Pulsed Laser Deposition (PLD) 
of the La0.9Ba0.1MnO3 matrix with the vertically aligned CeO2 nanocolumn phases. 
Table 3-1 lists the synthesis processes for all the targets related to this thesis. Some 
targets were sintered using the two-step process described in Fig. 3-1, while others 
were obtained through just one step. All the oxide nanopowders listed in Table 3-1 
were purchased from Sigma-Aldrich (with purity >99.9%).   
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Table 3-1.  Summary of the synthesis process for all the oxide targets used   
 
3.1.2 Growth of VAN films using Pulsed Laser Deposition (PLD) 
The developments in thin film fabrication have brought about many advanced 
synthesis techniques, which can be classified into Physical Vapor Deposition (PVD) 
and Chemical Vapor Deposition (CVD). Molecular Beam Epitaxy (MBE) is one of 
the most advanced PVD methods, but is limited by its extremely slow growth speed 
and high cost for system components and target materials
20
. Sputtering is a more 
economical PVD method to produce films on large scales, but the composition of the 
target cannot be stoichiometrically transferred to the film as the sputtering yield varies 
for different elements
82
, which causes problems for growing oxide thin films. In terms 
of CVD, metal organic chemical vapor deposition (MOCVD) excels in its uniform 
deposition rate which is favorable for high-quality surface of the films, but 
identification and storage of the precursors are challenging
20,82
.  
  In our work, we used Pulsed Laser Deposition (PLD) (one PVD route) to grow 
oxide thin films, for the following advantages over the methods listed above: It has 
the capability of stoichiometric transfer (compared to sputtering) and the target is easy 
to make (compared to MOCVD); also, it has a cost-effective setup, high growth 
efficiency (compared to MBE) and highly controllable growth kinetics
49,50,82,83
. 
Although being claimed to have problems of explosive ejection of particles and 
splashing, PLD is still the most widely-used method for the growth of oxide films as 
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The PLD technique was first introduced in the 1960s and then developed in the 
1980–1990s
85,86
. Nowadays, many advanced PLD systems incorporate reflection high 
energy electron diffraction (RHEED) to allow in-situ monitoring of the growth 
process. The use of the laser heating technique enables more homogeneous heating of 
the substrate for higher quality films. The user-friendly system of PLD also allows the 




Fig. 3-2 shows a schematic diagram for the PLD equipment setup used in our 
experiments. A 248 nm monochromatic laser beam with a wavelength of 248 nm is 
generated by a KrF excimer laser generator (Models COMPEX 201 and 205, Lambda 
Physik®, denoted as (1) in Fig. 3-2). After being focused by a series of optical lenses 
(2), the laser beam enters the vacuum chamber, and then the target material (6) is 
ablated by the laser, producing molecules, ions, and plasma with high energies. These 
clustered species form the “plumes” (3), which travel all the way to the opposite side 
of the target and are then deposited onto the substrate attached to the heater plate (8) 
at a high temperature. The temperature of the homemade heater block is controlled by 
a temperature controller (7). The substrate temperature can be measured by a K-type 
thermocouple embedded in the heater block or by an infra-red pyrometer from outside 
the chamber. 
The PLD film growth starts with a substrate/target loading process. The substrates 
were cleaned ultrasonically (10 mins acetone followed by 10 mins isopropanol). Then 
the cleaned substrate was pasted onto the heater plate using silver paint. Meanwhile, 
the surface of the target was cleaned using sandpapers and wiped with 
acetone+isopropanol. Finally, the substrate and the target were loaded into the 
vacuum chamber. 
After loading, the chamber was evacuated by a turbo-molecular pump coupled with 
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a rotary pump (4 in Fig. 3-2) to get a base pressure of <10
-7
 Torr. Then, a proper 
oxygen pressure was adjusted through a mass flow controller (MFC) equipped in the 
vacuum system (4 in Fig. 3-2); meanwhile, the substrate was heated up to 600-800℃. 
Next, the deposition was done by ablating the target using high-energy laser pulses. 
The laser spot size focused on the target was around 8 mm
2
, and the target-substrate 
distance was fixed at 5 cm. The laser power was adjusted and monitored using a laser 
energy controller and a laser energy meter, respectively. During the deposition, the 
target was rotated to ensure homogeneous ablation. More detailed growth conditions 
for different VAN systems will be mentioned in each result chapter. 
 
Figure 3-2. Schematic diagram showing the PLD system used in this work 
The following growth parameters are key factors to be considered, not only for the 
growth of single-phase oxide thin films but also for VAN films
38
:  
1. Laser fluence (Energy density): The laser fluence is defined as the laser energy 
divided by the laser spot size (J/cm
2
). A low laser fluence is not enough for a proper 
crystallization or stoichiometry transfer due to the lack of sufficient kinetic energy for 
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the adatoms or the selective ejection of species from the target. On the other hand, a 
high laser fluence may result in a rough surface morphology due to the heavy 
bombardment of adatoms
49,50
. For the growth of VAN, an empirical range of the laser 
fluence is 1–4 J/cm
2
. In this work, the optimized laser fluence is 1–2 J/cm
2
 depending 
on the materials systems.  
2. Growth temperature: A higher growth temperature generally leads to a more 
effective diffusion of adatoms, which ensures a better crystal quality for most kinds of 
oxide phases. However, a high growth temperature may also result in the formation of 
unexpected phases or the deficiency of volatile elements. Considering the phase 
separation of VAN, growth or treatment at high temperatures may also apply extra 
heat which results in inter-diffusion of the constituent phases. Therefore, a 
compromise should be balanced for the growth of a proper VAN
38
.  
  The growth temperature also has a big influence on the morphology of the VAN 
phases. As the feature size of the matrix/nanocolumn phase is mainly determined by 
the diffusion length of the adatoms’ on the substrate, a higher growth temperature 
usually results in a larger column size
38
.   
  In our works, the growth temperature varies from 690-825℃. 
3. Oxygen pressure: The growth of oxide thin films with multi-species requires the 
inclusion of oxygen as a component in the plasma. The proper amount of oxygen gas 
depends on the thermodynamic stability and oxidation state of the desired phases, 
which is controlled by the oxygen partial pressure in the PLD chamber. In addition to 
the oxygen stoichiometry control, the kinetic energies are also influenced largely by 
the oxygen gas pressure, with a higher pressure favoring lower growth kinetics and a 
lower growth rate
49
. The proper deposition atmosphere for oxide phases varies quite a 




 mbar. In this work, an optimized oxygen pressure is 0.1–
0.3 mbar depending on the materials systems.  
4. Growth rate: The growth rate is defined as the thickness of the films gained per 
unit time (nm/s). It is generally accepted that a lower growth rate is correlated to an 
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improved crystal quality of the films due to an adequate diffusion time for the 
ad-atoms. Apart from this general influence, the growth rate has more impact on the 
VAN films than on single-phase plain films. The surface diffusion of ad-atoms is an 
important process for the 3D columnar growth of the VAN phases in the 
nucleation-and-growth mode during the laser pulses (recall Fig. 2-13). The diffusion 
length is expressed as L≈2√𝐷𝜏, where D is the diffusion coefficient (influenced by 
the growth temperature) and τ is the diffusion time (influenced by the laser repetition 
rate)
38,87
. Therefore, the laser repetition rate (which can be varied from 1 to 10 Hz) 
and the growth temperature are two important factors for the diffusion length in the 
columnar growth process, and thus the morphology of the VAN structure. Detailed 
studies on these two factors will be presented in Chapter 4 and 5, respectively. The 
oxygen gas pressure and laser energy (fluence) also play a role on influencing the 
growth rate, as mentioned above.      
  The above-mentioned four growth parameters are the most important factors in 
PLD growth. They can be controlled independently, but the resulting effects are 
influenced by one another. There are many other factors which also contribute to the 
final result of the crystallization, phase formation and morphology of the films, such 
as target-substrate distance, base pressure, laser wavelength, etc. PLD growth itself 
can be a massive work. In order to obtain an optimized phase, systematic trials should 
be done.  
3.1.3 Deposition of electrodes for electrical measurements 
For the electrical/transport property measurements, platinum (Pt) or gold (Au) 
electrodes were deposited onto the sample using an Emitech K550 or K575 series DC 
sputtering coater. The sputtering chamber was firstly pumped down to around 1 × 
10
-3
 mbar using a rotary pump and then ironized Ar gas was generated by an electrical 
current of 40 mA. A Pt (or Au) target was bombarded by the ionized Ar, which results 
in the ejection of Pt (or Au) species that are finally coated onto the sample surfaces. 
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Different shadow masks were used to deposit electrodes with various sizes and 
features. For electrical measurements, patterned electrode dots with three diameters 
(100, 300 and 400 μm) were fabricated. For magnetic measurements with applied 
electric fields, a large portion of the film surface was covered with a continuous 
electrode pad deposited onside, with the edges left clean.   
3.2 Structural characterization 
3.2.1 X-ray Diffraction (XRD) 
XRD is one of the most useful tools to determine the crystal structures, quantify the 
lattice constants, analyze the crystallographic orientations, coherent length, tilt, and 
other structural information. In XRD equipment, a beam of electrons is accelerated, 
which then bombards a metal target (such as Cu). The inner-shell electrons of the 
metal are excited and the x-ray is then radiated in the process of electron transition. 
After the x-ray is incident on a crystal, the diffraction condition is satisfied when the 
x-ray wavelength is close to the lattice constant. According to Bragg’s Law:  
2dsinθ = nλ                           (3-1)  
where λ is the wavelength, θ is the incident angle, and d is the lattice interspacing. 
The diffraction peak shows up when these variables satisfy equation (3-1). The 
interference intensity is a complicated function of the atomic scattering factor and the 
structural factor of the crystal, while these factors are related to the diffraction angle, 
crystal symmetry, atomic structures and electron cloud distribution
88
. Miller indices (h 
k l) can be used to identify different crystal planes and orientations. 
In our experiments, x-ray powder diffraction measurements were conducted for 
determining the crystal structure of the polycrystalline target, and a Bruker® D8 Gen 
10 two-circle diffractometer with an x-ray generator and scintillation counter was 
used. For analyzing epitaxial thin films, a Panalytical Empyrean® vertical four-circle 
diffractometer was used, which is coupled with a hybrid two bounce monochromator, 
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programmable PASS (programmable anti-scatter slits) and a scintillation counter. The 
diffractometer has 4 drives, namely: omega (ω), 2theta (2θ), chi (χ) and phi (φ) (as 
illustrated in Fig. 3-3), which can adjust the geometry of the sample in the 3D space. 
Here ω is the incident angle (the angle between the incident beam and the sample 
surface) and θ is the diffraction angle (the angle between the incident and diffracted 
beam). A monochromator was used to ensure that only the Cu K-α1 beam can pass 
through.  
Before the XRD measurement, the sample position was calibrated so that the initial 
geometry was the same as the nominal instrumental settings, as an offset of ω may 
exist either due to dirt/imperfections on the back side of the substrate or the deviation 
of the sample stage to the optimum setups. To calibrate the sample position, the height 
of the sample stage was aligned first and then the four drives were adjusted with 
respect to the substrate orientation with the highest diffraction intensity (for example, 
for SrTiO3 (001) substrates, SrTiO3 (002) peaks were used for the calibration).  
 
Figure 3-3. Schematic diagram of the XRD configuration with the four drives (ω, 2θ, 
χ, φ). S is the wave vector which is normal to the sample plane. 
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The crystallographic information of the thin films can be obtained via the following 
4 ways: 
2θ-ω (θ-2θ) scan 
2θ-ω scan is the most basic structural characterization method used in this work, 
which aims at phase identification and determination of the epitaxial relationship in 
the first instance. It is performed in a Bragg-Brentano geometry, where the diffraction 
angle 2θ moves at twice the speed of the incident angle ω (as illustrated in Fig. 3-3). 
According to equation (3-1), diffraction peaks appear when the Bragg’s Law is 
satisfied. Here θ corresponds to a certain series of lattice planes with a specific 
interspacing d. Through the d spacing values, the out-of-plane lattice constant of this 
crystal orientation can be determined. Meanwhile, the crystal phases with specific 
Miller indices (h k l) can be identified by comparing the diffraction peak position with 
that of the standard reference diffraction patterns. Reference patterns can be found in 
JCPDS (Joint Committee on Powder Diffraction Standards) card or ICDD (the 
International Center for Diffraction Data) database search.    
Phi (φ) scan 
φ scan is a useful way to determine the crystal symmetry and the in-plane matching 
relationship of the film with respect to the substrate. As illustrated in Fig. 3-3, it is 
done by measuring the diffraction intensity of a certain crystal plane when scanning 
the φ angle over 360
o
, while all the other configurations are kept constant. For 
example, if one phase in the film has a 6-fold hexagonal symmetry, there will be 6 
lattice planes with equal d-spacing which satisfy Bragg’s Law. Therefore, when the φ 
angle is scanned over 360
o
, 6 diffraction peaks show up at 6 different φ positions. 
Meanwhile, the crystal symmetry of the substrate generates a diffraction pattern at 
another set of φ angles. By comparing the diffraction peak position of the film with 
regard to the substrate, one can tell the in-plane epitaxy relationship between the films 
and the substrate.   
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ω scan (rocking curve) 
Rocking curve is a useful tool for evaluating the imperfection of the crystal structures. 
It is performed by fixing the diffraction angle to the diffraction peak position 2θ for a 
certain crystal phase, while the incident angle ω is scanned over a small range 
(usually several degrees), as shown in Fig. 3-3.  
In an ideal case, a perfect crystal shows a sharp and strong rocking curve. However, 
in real cases, the full width at half maximum (FWHM) is broadened because of the 
following factors
89
: (1) instrumental broadening due to limited equipment resolution, 
(2) limited size of the phase (L), (3) tilt (and twist) of the unit cells (𝛼) and (4) 
microstrain (ε) due to the strain gradient from different depth levels or from the 
periphery to the center of the phase. In reciprocal space, these broadening factors can 




                                           (3-2) 
𝛥𝑠𝛼  = 𝛼𝑠                                          (3-3) 
𝛥𝑠𝜀 = 2𝜀𝑠                                         (3-4) 
where s is the scattering vector and 𝛥𝑠 is the broadening in reciprocal space and for 
ω scans, their relationships to the real space parameters are defined as: 






                                      (3-5) 
               𝛥𝑠 = 𝛽s                                          (3-6) 
where β is the integral breadth measured by ω, which is obtained from dividing the 
peak area by the peak height.  
In general, the broadening can be expressed as:  
𝛽𝐿 = 𝛽sample + 𝛽𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡                                     (3-7) 
𝛽sample = 𝛽size + 𝛽misorientation + 𝛽microstrain                     (3-8) 
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2                    (3-10) 
when the peak shape is assumed to be Gaussian.  
The broadening factors for 𝛽sample  are closely related to the existence of 
dislocations, misorientations or mosaic spread, which may cause disruptions of the 
lattice planes. For symmetric ω scans, there is no contribution from the microstrain 
and twist to the peak broadening
83
. Besides, the instrumental resolution for ω scan is 
0.006
o
, which is much smaller than the measured peak width. Therefore, for 




















  (Gaussian peak shape)                  (3-12) 
The contribution from the size (L) and tilt (𝛼) can be deconvoluted using equations 
(3-11) and (3-12). Detailed structural analysis of imperfections, size and tilt using ω 
rocking curves will be presented in Chapter 4 and 5 using equations.  
Reciprocal Space Map (RSM) 
Compared to the 2θ-ω scan, asymmetric RSM is more powerful in detecting the 
in-plane lattice parameters, which can be used to analyze the information regarding 
strain and relaxation. It is done via a 2-axis scan: by performing a series of 2θ-ω scans 
at a series of fixed ω positions, a contour map in the 2θ-ω space is obtained. RSM 
uses ω and 2θ as the scan axes, which can be converted to the lattice constants in the 
reciprocal space (𝑄𝑥 and 𝑄𝑧) using the following equations: 
𝑄𝑥 =
𝑐𝑜𝑠 𝜔−cos   (2𝜃−𝜔)
𝜆
                         (3-13) 
𝑄𝑧 =
 sin  𝜔+sin   (2𝜃−𝜔)
𝜆
                         (3-14) 
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and by using the following relationship between the lattice constants in the real and 













                                    (3-16) 
the in-plane (a and b, where a=b in cubic or tetragonal phases) and out-of-plane (c) 
lattice constants of the real space can be obtained. The information enables us to: 
1. Analyze the strain state of the film phase with respect to the substrate. By 
comparing the in-plane lattice constants and the diffraction peak positions, one can 
tell whether the film phase is fully strained (afilm = asubstrate) or relaxed (afilm≠asubstrate).   
2. Determine the crystal symmetry of the film phase. Different crystal phases have 
different symmetries which can be reflected through certain features in the 
asymmetric RSMs. For example, the unit cells of a certain class of perovskite films 
show periodic twinning to orthorhombic or rhombohedral bulk structures as a way of 
strain relaxation, which can be reflected as paired twinning peaks in RSM. Details on 
twinning will be discussed in Chapter 5.3.   
3. Evaluate the crystal quality of the phase: a sharp and intense peak indicates a high 
crystallinity while a broad and weak peak is usually caused by a low crystal quality, 
relaxation, or large variations in the lattice parameters.   
The collected XRD data was processed using professional software. X’pert 
HighScore Plus® was used for profile fitting of the diffraction peak parameters, such 
as the peak position, FWHM, intensity, background, etc. Epitaxy® was used to 
calculate the film thickness (via laue interference fringes), and to extract RSM peak 
positions for the calculation of the in-plane and out-of-plane lattice constants.  
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3.2.2 Scanning Probe Microscopy (SPM) 
Scanning probe microscopy (SPM) encompasses a family of techniques that probe the 
surface topography and other physical properties on the atomic scale. The first 
developed SPM technique was Scanning Tunneling Microscopy (STM), which was 
restricted by the requirement for a conductive sample surface. This brought about the 
development of Atomic Force Microscopy (AFM), which relies on the detection of 
atomic forces instead of a tunneling electrical current used in STM. AFM is mainly 
divided into three parts: the cantilever, detector, and controller. The cantilever is 
equipped with a sharp tip that is sensitive to the atomic forces and can be vibrated by 
piezoelectric actuators. When the tip scans over the sample surface, the change of the 
tip-sample force alters the cantilever deflection (in contact mode) or oscillating 
frequency (in tapping mode). This tiny change can be detected and sent to the 
feedback system, which maintains the vibration frequency or deflection at a constant 
value (setpoint). The difference between the detected signal and the setpoint will be 
recorded as a reflection of the surface topography or other physical properties. 
AFM has 3 working modes: contact mode, tapping mode, and non-contact mode. 
The non-contact mode has the slowest scan speed, while the contact mode has a high 
possibility to damage the sample surface, therefore the tapping mode is the most 
widely used for probing the topography information, where the oscillation frequency 
of the cantilever is the setpoint. During one scan, not only the surface topography, but 
also lots of other information can be detected. For example, mechanical properties are 
detected through the phase image, and accurate surface roughness information can be 
probed using the amplitude or amplitude error image. By choosing different kinds of 
cantilevers and setups, the detection signal can be switched from topography (normal 
AFM) to conductivity (Conductive AFM, C-AFM), local electrical polarization 
(piezoelectric force microscopy, PFM) or magnetic domain (magnetic force 
microscopy, MFM). 
In this work, an AFM (Multimode 8 SPM with Nanoscope V controller) in tapping 
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mode was used to collect surface morphology images of the VAN films. The lateral 
resolution was 512x512 pixels and the scanning area could be changed from 500 nm 
to 10 μm. The AFM tips used for normal topography were Al-coated Si tips with a 
resonant frequency of 300 kHz and a constant force of 40 N/m. For the detection of 
current maps or local conductivities, C-AFM was performed on an Agilent 5500 
scanning probe microscope with commercial Pt/Ir-coated Si tips. All the collected 
images were processed and analyzed using the WSxM (version 5.0) software. 
3.2.3 Transmission Electron Microscopy (TEM) 
TEM is a precise tool that provides detailed structural and compositional information 
with the highest resolution among all the microscopic techniques. It uses a heated 
cathode to generate a high-energy electron beam, which is focused by electromagnetic 
lenses and then transmit through a sample with a low thickness (~30 μm). The 
electron-sample interactions reflect the sample information in great detail.   
TEM is powerful in structural/compositional detection with versatile setup 
parameters. The magnification (the degree of enlargement of the object in the image 
with respect to the original object) can be changed by adjusting the individual 
magnifying powers of all the lenses. TEM works in diffraction mode or imaging mode, 
which can be switched by changing the focal length of the intermediate lenses. 
Bright-field or Dark-field images can be obtained by selectively choosing the 
transmitted or diffracted electrons to pass through the sample for imaging. Scanning 
TEM (STEM) is a working mode of TEM in which the electron beam is focused on 
the sample in a tiny spot, and then rastered over the sample. By using a STEM with a 
high-angle detector, it is possible to reflect real atomic arrangements with Z-contrast 
(where the contrast is directly related to the atomic number). This is superior to the 
conventional high-resolution TEM (HR-TEM) which uses phase contrast to produce 
results that need further interpretation.    
Cross-sectional HR-TEM and STEM, and plain view STEM images of the film 
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were obtained by a FEI TALOS F200X operated at 200 kV equipped with ultrahigh 
resolution high angle annular dark field detectors and Supper-X
TM
 electron-dispersive 
x-ray spectroscopy. The selected area electron diffraction (SAED) and EDS element 
mapping were also collected. The specimen for TEM analysis were obtained through 
mechanical grinding, dimpling, and a final ion milling step. TEM works in this thesis 
were conducted by Xing Sun, Dr. Jie Jian, Dr. Sichuang Xue in Prof. Haiyan Wang 
group at Purdue University (USA), Dr. Ping Lu in Sandia National Laboratory (USA), 
and Dr. Quanxi Jia in Los Alamos National Laboratory (USA). 
3.2.4 Scanning Electron Microscopy (SEM) 
SEM is another surface-probing tool to reveal the morphology of a nanostructure with 
a wide scanned area and magnification range. It also uses a high-energy electron beam 
to interact with the sample as in other electron microscopic techniques. Unlike TEM, 
a collimated electron beam scans over the sample surface and produces various 
by-products including secondary electrons, back-scattered electrons, and x-rays which 
contain useful information regarding the topography and composition of the sample 
surface. The secondary electrons are the most commonly-used signal in SEM.   
In this work, SEM images of the VAN films were acquired using a Hitachi S-5200 
SEM operated at 15 kV. The sample surfaces were coated with Ag prior to the 
detection in order to minimize the charging effects caused by insulating samples. 
3.3 Magnetic measurements using the Superconducting Quantum 
Interference Device (SQUID) 
SQUID is one of the most powerful tools for magnetic measurements over a wide 
temperature range. The principle is based on the Josephson effect
90,91
, and the basic 
working unit contains superconducting loops consisting of two superconductors 
separated by thin insulating layers which form two parallel Josephson junctions, as 
shown in Fig. 3-4. The change in the magnetic signals induces a change in the 
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magnetic flux which results in a voltage change in the junctions. SQUID is operated 
with a constant bias current, allowing the measured voltage to oscillate with the phase 
changes of the current between the two junctions, which depends on the change in the 





. This one flux quantum is the smallest magnetic flux that can be detected, which 
enables the SQUID to detect low magnetic signals with great sensitivity. In spite of its 
high measurement capability, background noise is a big issue which sometimes 
distracts the data interpretation, since SQUID collects all the magnetic signals in the 
measurement chamber. The background signal can be reduced by careful sample 
cleaning or using sample probes with lower diamagnetic/paramagnetic signals (such 
as quartz, or a plastic straw).  
Before the measurement, the sample with a proper probe was loaded into a vacuum 
chamber and the low-temperature measurements were performed in a vacuum 
atmosphere. A sample centering operation was conducted by calibrating the “center” 
position to where the magnetic signal of the sample showed a maximum when 
moving the sample position over a range (4–6 cm) in which four magnet coils are 
placed (2 coils in the center and 2 others on both sides with opposite current flow). 
This can be done with or without a magnetic field applied (by measuring the residual 
signals). The centering scan ensures that the sample is placed in the right initial 
position, i.e. at the center of the two Josephson junctions.   
In this work, a Quantum Design cryogen-free Magnetic Property Measurement 
System (MPMS) was used. The magnetic moment sensitivity is 10
-8
 emu, and the 
operational temperature range was between 1.8 and 400 K. To obtain a magnetic 
hysteresis loop, the magnetization (M) was recorded with changing the magnetic field 
(H) at a certain temperature. For temperature-dependent measurement, the 
magnetization (M) was recorded by varying the temperature (T) either with or without 
a magnetic field applied.   
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Figure 3-4. The basic unit of a SQUID magnetometer consisting of two parallel 
Josephson junctions (Figure taken from
92
) 
3.4 Electrical measurements  
3.4.1 Measurement of resistive switching 
The resistive switching was measured in a two-probe configuration. The device with 
electrode dots was placed on a flat insulating plate and a probe station (Signatone 
S-725PLM micropositioner) equipped with two tungsten tips is used for electrical 
circuit connection. A 3-dimensional adjustment of the position of the tips was 
achieved via spiral micro drivers. The probes were connected with Keithley source 
meters (2400 series) driven by Labview programs using GPIB commands. Detailed 
measurement parameters will be discussed in Chapter 4. 
3.4.2 Measurement of electrical transport using the Physical 
Properties Measurement System (PPMS) 
PPMS is a versatile tool for the measurement of all kinds of physical properties 
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including resistance, magnetization, heat capacity, etc. For the resistance 
measurement, the samples were mounted with an in-line 4-terminal configuration as 
shown in Fig. 3-5:  
 
Figure 3-5. Measurement configuration for the resistance using PPMS 
A DC source current (1 μA) was applied and the voltage was collected which was 
converted to the resistance. The resistivity (𝜌) and resistance (R) have the following 
relationship: 
                        R = 𝜌
𝑙
𝐴
                                     (3-17) 
where l is the distance between the two electrodes to which the voltage was measured, 
A is the cross-sectional area of the current flow and R is the measured resistance. The 




 Resistivity of bulk samples 
For bulk samples, four electrodes with equal space were made on the sample surface 
using silver paint and the electrodes were then connected to sample puck (holder) 
using Au wires. When the probe spacing << the sample dimension, the 
“three-dimensional infinite model” is satisfied. Using equation (3-17) and by 
integration of differential resistance between two inner probes, the resistivity is 
calculated as:  
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ρ = 2𝜋𝐿 (
𝑉
𝐼
) = 2𝜋𝐿𝑅                            (3-18) 
where L is the probe spacing and R is the measured resistance.  
 Resistivity of thin films 
The surface of the thin film sample was deposited with Pt electrode dots (300 μm), 
and the electrodes were contacted to the sample puck using Al wires (25 μm in 
diameter) by an ultrasonic wedge wire bonder.  
 
Figure 3-6. Standard in-line four-probe measurement configuration for the resistance 
In a standard four-probe configuration (Fig. 3-6), the “two-dimensional infinite 







) = 4.53*k*tR                        (3-19) 
where k is a correction factor correlated to the dimension of the probe size, probe 
spacing and sample size.  
In a simplified model considering our configuration, the current flow is assumed to 





tR = 0.6*tR                           (3-20) 
However, this model assumes that the current only goes through the area under the 
electrodes and therefore the area for the current flow is likely to be underestimated, so 
the calculated ρ can be smaller than the real ρ. 
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Figure 3-7. A simplified model for calculation of the resistivity of thin films using our 
measurement configuration.  
It can be seen from above that the accurate determination of resistivity is influenced 
by many factors, including size, shape and even the difference in current flow path. 
On the other hand, film resistance is influenced by thickness (ρ∝ t*R) when 
resistivity is the same. Despite these factors, the transport behavior (such as phase 
change) is not influenced whether a R-T or ρ-T curve is used.   
In this work, a Quantum Design PPMS DynaCool with a 14 Tesla Magnet was used 
for the measurement of electrical transport properties, e.g. the temperature 
dependence of resistance (𝑅-T curve). For the magnetoresistance measurement, the 
𝑅-T curve was recorded with a constant magnetic field applied, or the resistance value 
was recorded by sweeping the magnetic field at a constant temperature.    
3.4.3 Measurement of ionic conductivity 
The DC electrical measurement can only reflect the electrical conductivity of a 
material. To obtain the ionic conductivity, the AC impedance spectra are needed. The 
AC impedance is expressed as:  
Z = Z’+jZ’’                                (3-21) 
where Z’ and Z’’ are the real and the imaginary part, respectively. By measuring the  
Z’ and Z’’ over a range of frequencies, one gets the “Nyquist plot” (Z’ as the y-axis 
and Z’’ as the x-axis). A pure resistor corresponds to a point in the Z’-axis while a pure 
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capacitor is equal to a straight line in the Z’’ axis. The Nyquist plot can be fitted by an 
equivalence circuit, from which the DC ionic conductivity (σionic) can be obtained.  
An alternative way to obtain the σionic value is to use the AC conductivity plot. The 







                                               (3-22) 
where d is the film thickness and A is the electrode area. The frequency (f) 
dependence of σAC shows three regions: (1) a high-f region where σAC decreases with f, 
(2) a low-f region and (3) an intermediate frequency-independent region where σAC is 
not a strong function of f and forms a “plateau”. The conductivity value within this 
region is due to long-range ionic transport following “diffusive dynamics”, reflecting 
DC conductivity of ions
95
.  
In this work, ionic transport characteristics with temperature variations were 
measured using an Agilent 4294A Precision Impedance Analyzer. The temperature 
was varied from 450 to 600 K and the frequency changed from 1 MHz to 0.1 Hz. The 
measurements were conducted in collaboration with Dr. Seungho Cho.   
3.5 Measurement of electronic structure using the X-ray 
Photoemission Spectroscopy (XPS) 
X-ray Photoemission Spectroscopy (XPS) is a quantitative surface-sensitive technique 
that measures the elemental composition, empirical formula, chemical state and 
electronic state of the elements in a material. In XPS, the specimen is irradiated by a 
beam of x-ray photons with constant energy of hν in a high vacuum environment 
(<10
-7
 Pa). Due to the photoemission effect
96
 (shown in Fig. 3-8), the core electrons 
with binding energy (EB) less than the energy of the photons are ejected, and these 
energies are directly correlated by Einstein’s law of photoemission: 
EB = hν-(Ek-Φ)                              (3-23) 
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where EB is the binding energy needed to promote a core electron from the nucleus to 
the Fermi Level (EF), hν is the energy of the x-ray photons, Φ is the work function of 
the material (the difference between the vacuum energy level and EF) and Ek refers to 
the kinetic energy of the photo-emitted electron.  
 
Figure 3-8. Schematic diagram of the photoelectric effect. 
The XPS spectra are obtained by simultaneously measuring the Ek and the number 
of electrons escaped from the surface (0–10 nm) of the material irradiated. According 
to equation (3-23), the measured energy and intensity of the photoelectron peaks in 
the analyzer output correspond to the EB of the material. The value of EB differs with 
the change in chemical elements, electron orbitals and chemical environment of the 
atoms, and thus can be used for identification or quantification of surface elements 
and chemical environment of the specimen. 
In this work, the valence band spectra of the films were collected using a SPECS 
PHOIBOS 150 electron energy analyzer with a total energy resolution of 500 meV. A 
monochromatic Al Kα1 x-ray source (hν= 1486.6 eV) was used to irradiate the sample 
surface. To prevent charging effects during the measurements, the samples were 
grown on conductive Nb:STO (001) substrates. Data analysis was carried out using 
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CasaXPS 2.3.15 software. The XPS measurements in the thesis were conducted by 














Chapter 4   Optimizing the resistive 
switching performance in the Sm:CeO2–
SrTiO3 VAN 
 
This chapter studies on the resistive switching (RS) properties in a novel RRAM 
candidate: Sm:CeO2 – SrTiO3 VAN which allows separate tailoring of the ionic and 
electronic channels. This chapter starts off with a literature review on the basics and 
technical limitations in resistive switching studies and proposes the structural 
advantage of VAN for RRAM devices, based on which the materials systems is 
selected as the Sm:CeO2–SrTiO3 VAN. Then part two shows the growth and 
characterization of the high-quality VAN. In part three, electroforming-free RS with 
an enhanced ON/OFF ratio is realized through delicate optimization via changing the 
VAN growth rate and thickness. Then in part four, the conduction mechanism is 
studied using the optimized sample. Based on this, in part five, a separate 
ionic/electronic channel model is proposed as the mechanism for the RS effect. 
Additional proofs are then provided to support the model and explain the optimization 
factors. 
The main part of this work was done in collaboration with Dr. Seungho Cho and we 
contributed equally to this work. The films were grown and characterized by Dr. 
Seungho Cho and previous colleague Dr. Shinbuhm Lee. TEM works were done by 
collaborators in Prof. Haiyan Wang’s lab at Purdue University and Dr. Ping Lu in 
Sandia National Laboratory in USA. I mainly focused on designing and conducting 
the measurements, optimization of RS performances, fitting of conduction 
mechanisms, and explanation of RS mechanisms. Unless specified in figure captions, 
all the data were collected/processed by myself or together with Dr. Seungho Cho.    
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4.1 Literature review 
4.1.1 Resistive random access memory (RRAM) and resistive 
switching (RS): history and basics 
Among all the NV-RAMs, resistive random access memory (RRAM, or memristive 
device) is one promising candidate. First predicted by Chua in 1971
97
 and then 
physically modeled by Strukov et al. in 2008
98
, RRAM is one of the first recognized 
examples of a memristor (memory resistor), the fourth fundamental passive circuit 
element (apart from resistor, capacitor, and inductor). The operation of a RRAM 
device is based on the electric-field-driven switching of the resistance state, also 
known as the resistive switching or RS effect. RRAM has the potential for 
high-density integration, fast operation, low-power consumption, and fabrication 
compatibility with silicon complementary metal-oxide-semiconductor technology. In 
addition, by mimicking biological neurons, memristive devices have the potential to 




The immense advances of RRAM studies benefit from the following distinctions:  
1. A simple structure. As illustrated in Fig. 4-1 (a), the RS effect is realized in a 
capacitor-like metal-insulator-metal (MIM) structure with insulating or 
semiconducting materials sandwiched between two metal electrodes. In “MIM” the 
“M” denotes any good electron conductor (metal or non-metal), often different on the 
two sides, and the “I”, which can be a binary or multinary oxide, stands for an 
electron insulator, but usually shows ionic conductivity. When applying a voltage, 
devices with this structure can be switched between at least two resistance states.  
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Figure 4-1. (a) Schematic diagram of a RRAM memory cell consisting of an 
“insulator” sandwiched between two “metals”. (b) Schematic diagram of a cross-point 
memory structure. 
2. A simple study approach. Electrical resistance is one of the simplest physical 
properties to measure. For RRAM the change in resistance state can easily be seen 
through discrete changes in direct current vs. voltage (I-V) curves, which only require 
a simple source meter and a few electrical contacts.   
3. The potential for high-density memories. The simple sandwiched structure of 
RRAM memory cells makes it easy to fabricate highly-scalable multilevel stacking or 
multi-layer cross-point (as shown in Fig. 4-1(b)) memory structures
100
. The increased 
dimensionality of these multilayer structures allows the spatial area for the devices to 
be decreased and so greatly increases the total memory storage density. 
In a typical RRAM device, a low resistance state (LRS, or “ON” state) can be “SET” 
and a high resistance state (HRS, or “OFF” state) can be “RESET” by two different 
voltages, and the triggered states can be maintained when the applied voltage is 
withdrawn. Therefore, a hysteretic I-V curve is an important criterion for the 
determination of a non-volatile RS effect.  
According to the polarity of voltage which is required to trigger resistance change, 
RS effect is classified into unipolar and bipolar switching (as shown in Fig. 4-2). A 
RRAM device shows unipolar switching when the “SET” and “RESET” processes 
occur at voltages with the same voltage polarity. The “SET” current is usually limited 
by the compliance current (CC) of the control circuit, in order to protect the source 
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meter and the memory cell and to ensure switching occurs properly. The “RESET” 
into the OFF state takes place at a higher current and a lower voltage. Sometimes a 
unipolar RS is also nonpolar, where the “SET” and “RESET” processes can take place 
not only at voltages with the same polarity but also at voltages with opposite 
polarities
101
. Unipolar RS is usually shown in highly insulating oxides such as binary 
metal oxides, (e.g. NiO
102
). In comparison, in bipolar switching, the “SET” and 
“RESET” processes take place at voltages with opposite polarities. The current 
compliance may or may not be needed depending on the structure of the memory cells. 
In a bipolar switching device, the structure must have some asymmetry, such as 
different materials for two electrodes
103
. Most semiconductive oxides, including 
perovskite oxides, show bipolar switching
104–106
, which is the main focus of this work. 
 
Figure 4-2. Classification of resistive switching based on the voltage polarities 
needed to “SET” or “RESET” the memory cells. (a) Unipolar, where “SET” and 
“RESET” processes are triggered by voltages of the same polarity. (b) Bipolar, where 
the “SET” and “RESET” require voltages of opposite polarity. “cc” and dashed lines 
denote the compliance current. (Figure taken from
107
)    
According to Waser et al., to meet the circuit requirements of the next-generation 
NVMs, a good RRAM device should follow several criteria
107
:  
1. A low “write” voltage (from a few hundred mV to a few V). The pulse length needs 
to be less than 100 ns in order to compete with the DRAM and even less than 10 ns to 
outperform SRAM.  
2. A significantly lower “read” voltage than “write” voltage in order not to alter the 
triggered resistance states.  
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3. A large ON/OFF ratio. ON/OFF ratio is defined as the resistance ratio between the 
HRS and LRS. An ON/OFF ratio of > 10, as suggested by Waser et al.
107
, allows for 
small and highly efficient sense amplifiers. A large ON/OFF ratio, together with low 
variance, can effectively maintain a decent separation between memory states and 






4. A long endurance time. Currently, endurance of over 10
3
 cycles have been widely 
reported, which competes with Flash memory, and the ultimate goal is >10
12
 cycles, 
as suggested by Waser et al.
107
. To test the endurance, a RRAM memory cell 
consistently undergoes alternate “write” operations into different resistance states and 
“read” operations immediately after each “write” operation. To avoid fatigue when 
being triggered back and forth, a good memory device needs a large ON/OFF ratio 
with stable, non-degraded readout resistances, and hence enhancing these is important 
for improving the endurance of a RRAM device.   
5. A long data retention time, with over ten years being the ultimate goal as suggested 
by Waser et al.
107
. Currently, reported retention time in literature ranges from hours to 
months. Retention can be evaluated by “write” the device into the LRS or HRS and 
then “read” the memory cell continuously over a long period of time. Both endurance 
and retention are needed to fully reflect the stability and variability of the device.    
4.1.2 Mechanisms of RS 
Despite the seemingly simple phenomena of RS, the underlying physics is quite 
controversial and still not fully understood, especially in complex oxides which are 
electronically active. Therefore, an optimized design guide for RRAM devices has not 
yet been adequately produced. These are the reasons why the development of RRAM 
is less advanced than other non-volatile memories such as PCRAM and FeRAM
100
. 
From a technical point of view, the development of RRAM requires not only the 
improvement of device performance but also the elucidation of driving mechanisms.  
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The classification of RS mechanisms has different categories based on different 
standards. In general, the “SET” process generates a conductive path (or state), which 
is erased in the “RESET” process.  
Sawa et al. classified RS simply based on whether the conductive path is 
filamentary or interfacial type
100
. As shown in Fig. 4-3 (a), the basis for filamentary 
RS is the formation/rupture of the conductive filament that spans the insulating oxide 
between two metals. This type of RS therefore emphasizes on a localized bridge 
between the anode and cathode and so is effectively quasi-one-dimensional 
(compared to the whole contact area). Interfacial RS (Fig. 4-3 (b)) concerns the 
modification of the metal/oxide interfacial Schottky barrier, and so involves the whole 
two-dimensional electrode/film contact area. Determination of the electrode area 
dependence of the cell resistance (especially for the LRS) is one effective way to 
elucidate whether the RS effect is filament- or interface-limited
108
. 
According to Waser et al., RS mechanisms can be explained based on whether the 
driving force comes from a thermal effect, an electronic effect, or an ionic effect
103
, 
and these effects are not mutually independent, as discussed below:  
1. Joule heating is unavoidable when current flow exists under the application of an 
electric field. With the increase in thermal energy, a conductive filament can be 
formed due to the orderly migration of the electrode metals or decomposition of the 
insulating matrix, so causing a partial dielectric breakdown of the memory cell. The 
successive rupture/formation of the filament can then result in unipolar switching. 
This model is similar to a nano-scale fuse-antifuse, and usually shows filamentary 
characteristics as illustrated in Fig. 4-3 (a). Temperature-induced structural transition 
is another driving force for the switching of the resistance states, especially in 
materials systems with an intrinsic insulator-to-metal transition (e.g. Fe3O4
109
). 




4.  Optimizing the resistive switching performance in the Sm:CeO2 – SrTiO3 VAN  
77 
 
Figure 4-3. Schematic diagram of the two different types of conductive path: (a) 
filamentary type path and (b) interfacial type path. The direction and the size of the 
electrode symbol in the circuit stand for the relative direction and strength of the 
source voltage.   
2. The metal/semiconductor oxide interface usually forms into a Schottky contact (i.e. 
with a potential barrier to electron transport) due to the high work function of the 
metal electrode (as discussed in Chapter 2.1.2 and shown in Fig. 2-2). The potential 
barrier can be modified under an electric field, resulting in an electronic-driving RS 
effect. One famous theory is the carrier trapping/detrapping model
111
, which explains 
the RS effect in a more physical way. According to this theory defects in the interface 
can generate defect energy levels below the potential barrier and so create carrier 
trapping centers. The injection and release of charge carriers (electrons or holes) from 
the trapping centers under an electric field can change the effective carrier 
concentration and modify the barrier profile (height or width), and thus the resistance 
state can be altered
112
. The trap and release of carriers need to overcome obstacles, 
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which result in a memory effect
113
.  
3. Lastly, the ion migration model is based on the ionic conduction in an electronically 
insulating but ionically conductive matrix. In many oxides, especially in transition 
metal oxides (TMO), the anions and/or oxygen vacancies (Vos) are much more mobile 
than the cations, thus there is a strong likelihood that trapping centers and 
conductance channels are generated by Vos. The metal/oxide Schottky barrier can also 
be modified by the accumulation and depletion of Vo.  
i). In insulating oxides (such as TiO2) where ion exchange is blocked by the 
cathode, when an electric field is applied, an oxygen-deficient region first forms and 
then expands towards the anode. The electronically-active transition metal cations can 
accommodate the resulting charge imbalance by trapping electrons from the 
cathode
103
. This leads to a change in the stoichiometry or cation valence and so to the 
formation of a less oxidized, more conductive sub-oxide. The final result is the 
formation of a conductive path between the anode and cathode, which produces a 
similar effect to that of a metallic bridge. At the anode, an oxidation reaction of the 
gathered oxygen ions may result, which leads to the generation of O2 gas
104
. This is 
essentially a redox-based process and produces a filamentary effect as illustrated in 
Fig. 4-3 (a). However, unlike the thermal-driven transition mentioned above, bipolar 
switching is shown due to the polarity-dependent redox nature of this process
103
. 
ii). In semiconductive oxides, Vo acts as an n-type impurity and Vo migration can 
modify the metal/oxide interfacial potential profile. The increase in Vo concentrations 
near the interface of metal/n-type semiconductors (such as Nb-doped SrTiO3 or 
oxygen-deficient SrTiO3-x) increases the majority carrier concentration in the 
semiconductor, inducing interface energy states and therefore results in the decrease 
in the width of the interfacial depletion layer (Wd)
100
, as shown in Fig. 4-4. Recall Fig. 
2.2 and equations (2-1) and (2-2), the decrease in Wd may alter the degree of band 
bending which results in the modification of the height (eφB, eVB) and width (WB) of 
the interface potential barriers, and in most cases, decreases them
114–116
. This 
decreases the contact resistance and eventually results in the LRS
100
. In p-type oxides 
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(such as perovskite manganite) the opposite effect occurs. The influence of Vo on the 
depletion layer width is illustrated in Fig. 4-4. In this model, an ionic effect 
contributes to a strong modification of the electronic structure of the Schottky barrier, 
and unlike the model in point 2, the trapping/detrapping effect is much weaker. The 
ionic migration model is the most important basis for our later discussions on RS 
mechanisms (see Chapter 4.5).  
 
Figure 4-4. Influence of the oxygen vacancy (a) accumulation and (b) depletion on 
the depletion layer width (Wd) of a metal/n-type semiconductor interfacial Schottky 
barrier. 
As discussed above, both electron trapping/detrapping and ionic migration can 
modify the metal/oxide Schottky barrier. It is therefore important to differentiate 
between them. As proposed by Shibuya et al., these two interfacial-type mechanisms 
exhibit different switching polarities
117
: in n-type materials, the HRS is triggered to 
LRS by a negative voltage in the “Vo migration” model, while the switching polarity 
is opposite in the “trapping/detrapping” model.  
Although the ionic effect is often closely related to the electronic effect, there is a 
key difference. In the ionic process, a large concentration of mobile ion species is a 
prerequisite, which can only be realized in an anion conductor. The presence of anion 
conductivity or high concentration of mobile Vo (which are different from the 
existence of immobile Vos in some defective oxides) can drastically enhance the RS 
effect in a different way, i.e. by directly modifying the potential profiles. In 
comparison, the trapping/detrapping model stresses more on the influence of the 
mobility of electrons by defects (e.g. by the nearly fixed Vo trapping sites), where the 
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Vo migration is much less stressed.  
Despite the difference in appearance, the above-mentioned mechanisms are not 
mutually exclusive but usually inter-correlated, especially in TMOs and composite 
systems where electronic and ionic effects coexist. Usually, one model is more 
dominant than others.  
4.1.3 Limitations in conventional RRAM devices 
Apart from the complex driving mechanisms mentioned above, several technical 
limitations also slow down the development of the RRAM technique:   
1. The degradation problem of dense, nano-scale structures. In conventional 
RRAM devices using plain oxide films, degradation is unavoidable in the fabrication 
process of the dense nano-scale memory cells using ion/electron beam milling steps. 
These processes lead to surface oxygen defects with associated uncontrollable 
electronic conductions, which affect the quality of the devices. Self-assembly of the 
nanostructured memory cells provides one possible solution for this problem. 
2. Electroforming. In many single-phase oxides, especially insulating oxides, an 
“electroforming” process is required before the device can be irreversibly maintained 
at a tunable condition between two or more resistance states. “Electroforming” is 
somewhat like dielectric breakdown, but under the delicate control of a compliance 
current, this breakdown is only partially realized
118
. According to Yang et al., 
electroforming in many oxides is driven by an electro-reduction process followed by 
the creation and migration of O
2-
 ions under electric fields, which can be enhanced by 
Joule heating
119
. Following this, a conductive bridge between the anode and cathode 
is formed, and the following “SET” and “RESET” processes rely on the reduction and 
oxidation of this conductive bridge
120
.  
In many cases, “electroforming” is harmful to the samples due to destructive gas 
eruption and bubble formation near the electrodes, which are induced during the 




. It is also undesirable for computer circuit applications as a 
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very high voltage (5–30 V) is usually needed
119–121
. Additionally, since electroforming 
depends largely on the compliance current, it is uncontrollable and random, thus 
causing problems for the uniformity of the memory device
122
. As mentioned earlier, 
the compliance current works by limiting the current to protect the source meter and 
the memory cell. If the compliance is set too low, the conductance channels between 
the electrodes cannot be adequately formed and thus effective RS cannot be obtained. 
On the other hand, if the compliance is too high, the RS effect may disappear
123
 or the 
resulting dielectric breakdown may totally destroy the memory cell.  
Several approaches have been suggested to eliminate the “problematic” 
electroforming process, either by reducing the thin film thickness to highlight the 
“switching interface” via eliminating the “bulk” region or by artificially creating the 
electronically conductive channels during the device fabrication process
119
. For 
example, it is possible to reduce and even eliminate electroforming by simply 
inserting an oxygen-deficient TiO2-x layer in a TiO2-based memory cell, which can act 
as a vacancy reservoir
124
. Novel “electroforming-free” RRAM devices have become a 
heated topic in recent years
122,124,125
. 
3. Mixed ionic and electronic channels. In the memristor model initially proposed 
by Strukov et al., coupled equations for the electronic and ionic motion were 
proposed, but scientific disputes of this model have been raised in recent years
126,127
. 
As discussed previously, electronic and ionic effects are usually correlated in 
single-phase metal oxides, as Vo can act as an electron carrier trapping center and its 
migration can modify the interfacial potential profile as well. This makes it difficult to 
decouple the ion and electron channels, which add in complexities to the study of RS 
mechanisms. Besides, as the optimized fabrication conditions for optimized ionic and 
electronic transport may be in conflict, an overall optimization may never be reached 
within one single-phase system. In terms of applications, the mixed channels restrict 
the application of RRAM devices in the neuron computing field, as bio-neurons 
usually have spatially separate conductance channels. Therefore, separation of the 
conductance channels is desirable for both research and applications.   
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4.1.4 The advantage of VAN for RRAM devices 
Based on the limitations mentioned above, the aim of this work is to search for a 
nano-scale, self-assembled, electroforming-free RRAM candidate with separate 
ionic/electronic channels. We expect devices built with a VAN structure will provide 
these benefits. As schematically illustrated in Fig. 4-5, VAN consists of three active 
parts: the matrix, the nanocolumn and more importantly, the vertical interface 
between the two phases. The VAN structure is unique not only for its enhanced 
interface/bulk ratio but also because of the vertical interfaces, which may align from 
the anode all the way to the cathode. This vertical interface is usually more 
electronically active due to the structural disorder generated as a result of the 
mismatched lattices at the phase boundary
128
. This provides a potential platform for 
pre-aligned conductive paths in the fabrication process
122
, without the need for an 
electrically-driven forming process. Additionally, the three structurally different 
components provide three different combinations (matrix/column, matrix/vertical 
interface or column/vertical interface) to separately undertake the role of ionic and 
electronic channels, which makes it easy to make delicate designs. Besides, exposed 
vertical interfaces provide additional convenience for microscopic studies. Moreover, 
as the VAN self-assembly is on the nano scale, a thin film device can have very 
high-density and high-quality conductance channels and memory cells.    
 
Figure 4-5. Schematic diagram of the three components of a VAN structure: matrix 
(green), column (orange) and electronic conductive vertical interface (blue). 
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These useful attributes have led to a collection of studies on the RS effects of VAN 
devices. For instance, as reported by Lee et al., a SrTiO3-Sm2O3 VAN memristive 
device exhibited high uniformity, tunability, and was electroforming-free. The 
simultaneous observation of oxygen deficiency and enhanced conductivity in the 
vertical interface confirmed the presence of localized Vo channels, which in turn 
eliminated the electroforming process as well as enhanced RS uniformity in this 
structure
122
. This study was the first report on RS properties in VAN structure. 
However, an ON/OFF ratio of only ~10
2
 was realized, below the high-performance 
criteria of >10
3
 mentioned in Chapter 4.1.1. Other studies, such as current mapping of 
the topography of a Nb2O5-NaNbO3 VAN via scanning with Conductive-AFM, also 
revealed an enhanced Vo profile (which here formed these electronically conductive 
channels at the phase boundary)
129
. However, the highly mismatched interfaces found 
in this device led to a low reproducibility and uniformity between measurements. 
Altogether this means that VAN structures are quite promising for RRAM devices, but 
clear improvements in their performance and full understanding of their various 
mechanisms still need a tremendous amount of work. These are parts of the 
motivation for this work.  
4.1.5 Selection of materials 
In order to obtain a high-quality VAN with separate electronic/ionic channels and 
electroforming-free switching, materials selection should follow the guidelines 
mentioned in Chapter 2.3.2. Meanwhile, the ionic channel should have limited 
electronic conductivity and the electronic channel should have limited ionic 
conductivity. Based on these requirements, Sm-doped CeO2 (SDC) and SrTiO3 (STO) 
were selected as the ionic conductor and electronic conductor, respectively.  
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Figure 4-6. The unit cell of (a) fluorite CeO2 (Figure taken from
130
) and (b) perovskite 
SrTiO3.  
1. Stoichiometric Cerium Oxide (CeO2) is an electronic insulator with a calcium 
fluorite structure (space group Fm3̅m) at room temperature. As shown in Fig. 4-6 (a), 
Ce
4+
 ions are in a face-centered cubic (FCC) close-packed arrangement, and O
2-
 ions 
only occupy the 8 tetrahedral sites, leaving all the 4 octahedral sites unoccupied
131
. 
This open structure favors interstitial occupation and ion migration. In the presence of 
Vos, the insulating CeO2 becomes conductive due to Vo migration. These can be 
created due to oxygen deficiency or by doping CeO2 with tri- or divalent metals, as 
Vos form to compensate the charge imbalance. These can then act as potential 
pathways for oxygen ion diffusion, and so the ionic conductivity will thus be greatly 
enhanced
132,133





 have the smallest association enthalpy (and thus lowest metal-Vo binding 
energy) for the Vo in the fluorite lattice, thus providing the largest enhancement of 
ionic conductivity
134–136
. The defect chemistry for Sm-doped CeO2 can be expressed 







••                              (4-1) 
The advantage of Vos formed in this way is that they do not introduce unwanted 
electronic conductivity associated with the reduction of CeO2.  
2. Strontium titanate (STO) has a perovskite structure (space group Fm3m), as shown 
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 form a face-centered cubic (FCC) close-packed 
lattice with Ti
4+
 ions occupying a quarter of the octahedral interstices, i.e. those 
created by the O
2–
 ions. Looking from another perspective, the perovskite structure is 
formed by a three-dimensional network of TiO6 octahedra with shared corners, while 
the Sr
2+
 ions occupy the twelve-fold cavities in the polyhedral formed by the 
octahedral net
137
. STO stays stable in a cubic phase at room temperature, and 
transforms into a tetragonal structure below 105 K. Pure STO is a wide band-gap 
semiconductor, high-k dielectric oxide, and quantum paraelectric insulator and is 
widely used as a substrate for the growth of epitaxial oxide thin films due to its 
structural compatibility with many oxides.   
Earlier researchers have reported the high-quality vertical epitaxy of a 
perovskite-fluorite VAN combination
67,72,74,138,139
 on perovskite substrates and here we 
expect similar results.  
4.2 Growth and characterization 
Sm-doped CeO2-SrTiO3 VAN and reference plain films were grown on 0.5 wt.% 
Nb-doped SrTiO3 (001) substrates by PLD via a one-step growth process. 
Polycrystalline targets containing Sm: CeO2 (Sm
3+
 concentrations: 0, 10, 20 and 30 
at.%) and SrTiO3 (50:50 molar ratio) were used for making the VAN films used to 
study the influence of ionic conductivity on the resistive switching performance. A 
polycrystalline 20 at.% Sm-doped CeO2 (SDC) target and a polycrystalline SrTiO3 
(STO) target were also used for growing the reference plain films (denoted as PF). 
The laser energy fluence was varied from 1.5 to 4.5 J/cm
2
 and the repetition rate was 
varied from 1 to 10 Hz. During deposition, the substrate temperature was 825℃ and 
the O2 partial pressure was 0.2 mbar. The samples were post-annealed at 700℃ for 1h 
under 900 mbar O2. For electrical measurements, Pt electrode dots were deposited 
onto the films by DC-magnetron sputtering onto the film surface with shadow masks.  
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Figure 4-7. XRD 2θ-ω scans of (a) the 20 at.% Sm-doped CeO2 (SDC) : STO (molar 
ratio 1:1) VAN (NC), (b) SDC plain film (PF) and (c) STO plain film (PF) on 0.5 wt.% 
Nb-doped STO substrates. The three samples have the same thickness (~30 nm) and 
growth rate (0.033 nm/s) (Data collected by Dr. Seungho Cho). 
Fig. 4-7 shows the XRD 2θ-ω scans of a 30-nm 20 at.% SDC: STO VAN (denoted 
as NC hereafter) grown using a laser energy of 60 mJ and repetition rate of 1 Hz 
(growth rate 0.033 nm/s, which is the NC film with the optimized RS performance, as 
discussed later) in comparison with a SDC PF and STO PF grown under the same 
conditions. The diffraction peaks of only the STO and SDC (00l) phases are shown in 
the NC film (Fig. 4-7 (a)), without traces of other phases (such as Sm-related 
sub-oxides) or other SDC orientations, confirming their high degree of 
crystallographic orientation. The STO film peaks are overlapped with those of the 
strong STO substrate peaks. Further structural information is obtained from the 
reciprocal space map (RSM) shown in Fig. 4-8. With a combination of the 2θ-ω scan 
and the RSM, the in-plane and out-of-plane lattice constants of the SDC phase are 
determined to be 5.443 Å and 5.430 Å, respectively, while those of the STO phase are 
taken to be equal to the STO substrate (3.905 Å).  
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Figure 4-8. Reciprocal space map (RSM) of the 20 at.% Sm-doped CeO2 (SDC)- STO 
NC around the STO (2̅03) (Data collected by Dr. Seungho Cho).  
 
Figure 4-9. (a) 360
o
 Phi scans of the (111) peak of STO and the (111) peak of SDC   
of the NC film (Data collected by Dr. Seungho Cho). (b) Schematic diagram of 
in-plane crystallographic matching between the SDC phase and the STO substrate. 
The Phi scan in Fig. 4-9 (a) indicates that the SDC phase is grown on the Nb:STO 
(001) substrate with a 45
o
 in-plane rotation, which is expected from energetic 
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considerations as it minimizes the large lattice mismatch between the SDC (a=5.433 
Å in bulk) and STO (a=3.905 Å) phase. Therefore, the in-plane epitaxy relationship is 
determined to be STOSub[100]//STOFilm[100]//SDC[110], which is schematically 
illustrated in Fig. 4-9 (b).  
 
Figure 4-10. (a) Cross-sectional STEM HAADF image of the SDC-STO NC film. (b) 
High-resolution HAADF image revealing high-quality phase separation and vertical 
heteroepitaxy. (c) Schematic diagram of the out-of-plane crystallographic matching 
between the SDC phase and STO phase. (TEM images in (a) and (b) taken by Dr. 
Ping Lu from Sandia National Laboratory, USA) 
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The cross-section scanning transmission electron microscopy (STEM) high-angle 
annular dark-field (HAADF) image in Fig. 4-10 (a) additionally confirms the 
high-quality crystallinity and the vertically-aligned phase separation of the SDC-STO 
VAN. The High-resolution HAADF image in Fig. 4-10 (b) shows an atomic-scale 
sharp and epitaxial vertical interface. These, combined with the 2θ-ω scan shown in 
Fig. 4-7 (a), indicate the following out-of-plane epitaxy relationship: 
STOSub(001)//STOFilm(001)//SDC(001), as schematically illustrated in Fig. 4-10 (c).  
4.3 Optimization of the resistive switching performance of the 20 
at.% Sm-doped CeO2-STO VAN-based RRAM devices 
As mentioned in Chapter 4.1.2, the RS effect is closely related to the behavior of the 
interfacial or filamentary conductive paths, and therefore structural factors of the 
memory cells largely influence the device performance. As discussed in Chapter 2.3.2, 
in VANs, growth rate is one of the most important factors in determining the growth 
kinetics and spatial distribution of the phases. Therefore, it should also have a big 
impact on the structural quality of the vertical interface which forms and on the 
electrode/film potential barrier which develops. The VAN thickness is also important 
since it can change the effective electric field that drives the resistive switching.  
In this section, I optimized the RS performance of the 20 at.% Sm-doped 
CeO2-STO (denoted as SDC-STO hereafter) VAN-based RRAM devices by 
systematically studying the role of growth rate and thickness of the films on the 
electroforming characteristic, the reproducibility of I-V curves, the ON/OFF ratio and 
the cycling durability in endurance measurements. A 20 at. % Sm doping ratio was 
used which provided the optimized RS performance when other parameters were kept 
the same (as discussed later). A series of SDC-STO NC films with two different 
thicknesses (30 nm and 150 nm) and four different growth rates (0.033, 0.083, 0.167 
and 0.5 nm/s), hereby termed as rates 1 to 4, were used. The growth rates were 
changed by changing the laser energy (60 mJ, 120 mJ, and 180 mJ), with a 
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, and 4.5 J/cm
2
), and by 
changing the repetition rate (1 Hz, 4 Hz and 10 Hz). For the films with 150-nm 
thicknesses, the samples grown with rates 1 to 4 were labeled as A1 to A4, whilst the 
respective 30-nm samples were labeled as B1 to B4. The growth rate values were 
calculated via dividing the thickness by the growth time. The thicknesses were 
changed by changing the growth time whilst keeping the growth rate constant. 
 
Figure 4-11. Schematic diagram of the measurement configuration of resistive 
switching for the Pt/SDC-STO/Nb:STO device. The SDC column size and the Pt 
electrode dot size are not to scale.  
Fig. 4-11 shows a schematic diagram for a Pt (top)/ SDC:STO NC film (middle) 
/Nb:STO (001) (bottom) device. For all the electrical measurements, bipolar voltage 
signals were applied to a circular top Pt electrode (with a diameter of 300 μm) using a 
Tungsten probe station connected to a Keithley 2440 source meter, while the bottom 
Nb:STO electrodes were grounded. For measurement of I-V curves, the DC voltage 
was continuously varied in cycles. For endurance and retention measurements, 
optimized “write” and “read” voltage pulses of ±5V and 0.3 V were used (the 
optimization process will be shown later). The optimized I-V curves and endurance 
measurements of each sample are shown in figures below. The optimized performance 
for each sample was obtained after reproducing the results on many memory cells on 
each sample (for those forming-free samples, at least 13 memory cells were tested, 
and for the samples which need electroforming, at least 3 memory cells were tested).   
 The influence of growth rate (thick films, 150 nm)  
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Starting from sample A4 with the highest growth rate (thickness: 150 nm, growth rate: 
0.5 nm/s), highly resistive behavior with an asymmetric I-V shape is shown in the 
initial state (Fig. 4-12 (a)), and the intertwined I-V curve indicates no memory effect. 
An electroforming process at 17.2 V (Fig. 4-12 (b)) is needed before a weak RS effect 
is exhibited (Fig. 4-12 (c)). Here the electroforming voltage is defined as the voltage 
point where the current jump has the largest slope. The current compliance for an 
effective RS transition (after electroforming) is 10 mA. Despite the weak I-V 
hysteresis in Fig. 4-12 (c) after electroforming, no distinct ON or OFF states are 
shown in the endurance measurement (Fig. 4-12 (d)).   
 
Figure 4-12. Resistive switching performance of sample A4. (thickness: 150 nm, 
growth rate: 0.5 nm/s): (a) I-V curve under a ±5 V cycle before electroforming. (b) 
The electroforming process, which occurs at 17.2 V. (c) I-V curve under a ±5 V cycle 
after electroforming. (d) The endurance characteristics under 100 cycles (“write” at 
±5 V and “read” at 0.3 V). 
When the growth rate is decreased from 0.5 to 0.167 nm/s (sample A3, Fig. 4-13),  
similar behavior is shown, i.e. an intertwined I-V curve in a ±5 V cycle before 
electroforming (Fig. 4-13 (a)). The electroforming occurs at 17.6 V (Fig. 4-13 (b)), 
after which a stable RS effect is exhibited in a ±5 V cycle (Fig. 4-13 (c)). Compared 
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to sample A4, the hysteresis in the I-V curve is more obvious in sample A3, and two 
discernible resistance states are observed in the endurance measurement under the 
same measurement condition, as shown in Fig. 4-13 (d). However, the resistance 
states are unstable, as the resistance values are distributed over a large range, and vary 
a lot with the increase in the number of measurement cycles.   
 
Figure 4-13. Resistive switching performance of sample A3. (thickness: 150 nm, 
growth rate: 0.167 nm/s). (a) I-V curve under a ±5 V cycle before electroforming. (b) 
The electroforming process, which occurs at 17.6 V. (c) I-V curve under a ±5 V cycle 
after electroforming. (d) The endurance characteristics under 100 cycles.  
When decreasing the growth rate further to 0.083 nm/s (sample A2, Fig. 4-14), a 
discernible I-V hysteresis is shown in a small voltage cycle of ±1 V (Fig. 4-14 (a)) and 
±3 V (Fig. 4-14 (b)), but no clear memory effect is shown, as the I-V curve becomes 
intertwined at around 0 V. When increasing the voltage cycle to ±5 V, this sample 
starts to show resistive switching, which, in contrast to sample A4 and A3, does not 
need electroforming, as shown in Fig. 4-14 (c). The memory cell is “SET” to the LRS 
at a negative voltage of -0.85 V, and the “RESET” process to the HRS takes place at a 
positive voltage of 0.85 V. The blue arrows show the flow direction of the I-V curve. 
Here the “SET” and “RESET” voltages are defined as the points where the I-V 
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curvature changes, i.e. the “SET” voltage is the negative voltage point where the 
current has the sharpest jump, while the “RESET” voltage is the positive voltage point 
where the current starts to saturate. Fig. 4-14 (d) shows the endurance property over 
100 cycles. Two resistance states with an average ON/OFF ratio of ~10
2
 can be 
maintained, but a large variation of resistance values is still observed for both 
resistance states.  
 
Figure 4-14. Resistive switching performance of sample A2. (Thickness: 150 nm, 
growth rate: 0.083 nm/s). I-V curve under a (a) ±1 V cycle, (b) ±3 V cycle and (c) ±5 
V cycle. (d) The endurance characteristics under 100 cycles.  
 The influence of thickness  
The above comparison for thick films suggests that the growth rate plays an important 
role in the electroforming process and on the RS performance (both before and after 
electroforming), with a lower growth rate favoring electroforming-free switching and 
the maintenance of discernible resistance states. However, these thick samples cannot 
exhibit highly pronounced RS effects. In our measurements, we found that a lower 
thickness can effectively improve the ON/OFF ratio while other characteristics, such 
as electroforming, are less influenced, as discussed below:  
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Firstly, the growth rate is maintained on the same level as that of sample A2 (0.083 
nm/s) with only the thickness being reduced from 150 nm to 30 nm (sample B2, Fig. 
4-15). As shown in Fig. 4-15 (a), sample B2 acts similarly to sample A2 at a low 
voltage cycle (±1 V), i.e. an intertwined I-V curve is shown. However, a nonvolatile 
RS effect starts to show from a much lower voltage cycle (±2 V, compared with the 
±5 V required for sample A2), as shown in Fig. 4-15 (b). When increasing the voltage 
further, a ±5 V cycle produces a pronounced RS effect (Fig. 4-15 (c)), but the 
reproducibility is poor, as indicated by the non-overlapping I-V curves under 3 voltage 




 Ω) of the LRS 





 is shown compared to that of sample A2 (10
2
, Fig. 4-14 (d)), the variance 
of resistance values is still large and the resulting distribution of ON/OFF ratios of 
sample B2 is undesirable for device applications. Despite the poor stability, sample 
B2 exhibits a much improved endurance under >3000 cycles (Fig. 4-15 (d)).  
 
Figure 4-15. Resistive switching performance of sample B2. (thickness: 30 nm, 
growth rate: 0.083 nm/s). I-V curve under a (a) ±1 V cycle, (b) ±3 V cycle and (c) ±5 
V cycle. (d) The endurance characteristics under 3000 cycles. 
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The comparison between samples A2 and B2 indicates that the thickness doesn’t 
play a vital role in elimination of the electroforming process or on the reproducibility 
of I-V curves and programming tolerance or cycling durability in endurance 
measurements (i.e. the extent of degradation in endurance cycles), but is important for 
enhancing the ON/OFF ratio. 
 The influence of growth rate (thin films, 30 nm)  
As suggested above, when the sample is thick (150 nm), a lower growth rate favors an 
electroforming-free RS. To check whether this is also applicable in low thicknesses, 
two thin samples (30 nm) with higher growth rates (than sample B2): sample B3 
(thickness: 30 nm, growth rate: 0.167 nm/s, Fig. 4-16) and sample B4 (thickness: 30 
nm, growth rate: 0.5 nm/s, Fig. 4-17) were measured for comparison. As expected, 
both of these two samples need electroforming (Fig. 4-16 (a) and (b) and Fig. 4-17 (a) 
and (b)). Since the growth rates of samples B3 and B4 are equal to those of samples 
A3 and A4, these results therefore support a preliminary guideline mentioned above: 
decreasing the growth rate is a vital approach toward the direction of eliminating the 
electroforming process, while changing the thickness does not make much difference 
to electroforming. Besides, the average ON/OFF ratio of sample B3 (~28 in Fig. 4-16 
(d)) and B4 (~12 in Fig. 4-17 (d)) are much lower than that of the electroforming-free 
sample B2 (~7700 in Fig. 4-15 (d)).  
On the other hand, compared to samples A3 and A4, the I-V curves of samples B3 
and B4 show enlarged hysteresis (Fig. 4-16 (c) cf. Fig. 4-13 (c), and Fig. 4-17 (c) cf. 
Fig. 4-12 (c)). Meanwhile, the ON/OFF ratios after electroforming are also higher 
(~28 in Fig. 4-16 (d) cf. ~9.5 in Fig. 4-13 (d) and ~12 in Fig. 4-17 (d) cf. ~1.6 in Fig. 
4-12 (d)). These results again suggest that a lower thickness favors a higher ON/OFF 
ratio. 
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Figure 4-16. Resistive switching performance of sample B3 (thickness: 30 nm, 
growth rate: 0.167 nm/s). (a) I-V curve under a ±5 V cycle before electroforming. (b) 
The electroforming process. (c) I-V curve under a ±5 V cycle after electroforming. (d) 
The endurance characteristics under 3000 cycles. 
 
Figure 4-17. Resistive switching performance of sample B4 (thickness: 30 nm, 
growth rate: 0.5 nm/s). (a) I-V curve under a ±5 V cycle before electroforming. (b) 
The electroforming process. (c) I-V curve under a ±5 V cycle after electroforming. (d) 
The endurance characteristics under 3000 cycles. 
4.  Optimizing the resistive switching performance in the Sm:CeO2 – SrTiO3 VAN  
97 
 Optimization of the RS performance 
Based on the above results, we summarize the following guideline for the 
improvement of RS performance of the SDC-STO VAN-based RRAM device: 
(1) Overall, the electroforming-free samples tend to show better performances (higher 
ON/OFF ratios) and can be achieved by using slower growth rates. 
(2) In order to increase the ON/OFF ratio, the sample should be thin and a slow 
growth rate should be used.  
Based on this guideline, measurements were conducted on a 30 nm sample (sample 
B1) grown using a much slower growth rate (0.033 nm/s, the slowest growth rate used 
in this work). As shown in Fig. 4-18, sample B1 does not need electroforming, and the 
minimum voltage required for a nonvolatile resistive switching is decreased further to 
±0.5 V (Fig. 4-18 (a)), which is much lower than the ±2 V required for sample B2 
(Fig. 4-15 (b)) and the ±5 V for sample A2 (Fig. 4-14 (c)). It is clear from Fig. 4-18 
(b), which shows the I-V curves from ±1 V voltage cycles to ±5 V voltage cycles, that 
the hysteresis gets larger as the voltage increases. 
The resistance vs. voltage (R-V) curves in ±1, ±3V and ±5V voltage cycles 
(converted from the corresponding I-V curves) in Figure 4-18 (c) also show a 
nonvolatile behavior, and the nonvolatility (i.e. the hysteresis of the I-V and R-V 
curves) increases with increasing voltage. I-V curves under 20 consecutive cycles are 
shown in Fig. 4-18 (d) and the corresponding R-V curves are shown in Fig. 4-18 (e). 
Compared to sample B2 (Fig. 4-15 (c)), the I-V cycles of sample B1 are much more 
reproducible, with nearly no discrepancy between the first and last voltage cycle.  
When increasing the voltage cycle from ±5 V to ±8 V, the hysteresis of I-V curves 
cannot be increased but instead be deteriorated, as shown in Fig. 4-18 (f). This 
indicates that ±5 V is the optimum operating voltage for these I-V measurements.   
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Figure 4-18. Resistive switching performance of sample B1. (thickness: 30 nm, 
growth rate: 0.033 nm/s). (a) I-V curve in a ±0.5 V cycle. Comparison of (b) I-V 
curves and (c) the corresponding R-V curves in ±1 V, ±3 V, and ±5 V cycles. (d) I-V 
curves and (e) the corresponding R-V curves in ±5 V cycle with 20 times of repetition. 
(f) Comparison of I-V curves between ±5 V, ±7 V, and ±8 V cycles. (g) The endurance 
characteristics under 3000 cycles and (f) retention characteristics over 12 h. 
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Sample B1 also exhibits uniform resistance variations for over 3000 cycles’ 
endurance and a large ON/OFF ratio (>10
4
) (Fig. 4-18 (g)). The variability, durability 
and ON/OFF ratio are much improved compared to the other two electroforming-free 
samples (Fig. 4.14 (d) and Fig. 4-15 (d)). Meanwhile, the triggered resistance states 
(both LRS and HRS) show stable retention without degradation (Fig. 4-18 (h)).  
Therefore, optimization has been successfully realized on sample B1 using the 
guideline, and sample B1 shows electroforming-free switching with an enhanced 
ON/OFF ratio. The reproducibility in I-V measurements, the endurance variance and 
durability and the retention stability are also much improved. These are desired 
performances for sample B1 to act as a RRAM device.  
 
Figure 4-19. Summary of the ON/OFF ratio with the change in growth rate for the 
SDC-STO VAN thin films (30 nm, black dots) and thick films (150 nm, red 
diamonds). The ON/OFF ratio values were obtained from the average resistance 
values of 100 cycles of endurance measurements (“write” at ±5 V and “read” at 0.3 V). 
For the samples which need electroforming, the endurance measurement was 
conducted after forming.   
In order to have a quantitative comparison on the RS performance between the 
samples, Fig. 4-19 shows a plot of the average ON/OFF ratios for the samples 
discussed above. The average value and deviation of ON/OFF ratio for each sample 
were obtained from the first 100 cycles of an endurance measurement which gives 
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reproducible result. The endurance tests were undertaken and reproduced on many 
memory cells on each sample (for those forming-free samples, at least 13 memory 
cells were reproduced, and for the samples which need electroforming, at least 3 
memory cells were reproduced). As shown in Fig. 4-19, a lower thickness and lower 
growth rate tend to favor a larger ON/OFF ratio. The average ON/OFF ratio values of 
the electroforming-free samples are higher than those of the samples needing 
electroforming.  
Table 4-1.  Summary of the RS parameters for the SDC-STO VAN-based RRAM 
devices studied in this work 
 
* “Forming” is a shortened form of “electroforming” 
Relative standard deviation=standard deviation/the arithmetic mean 
A summary of the RS parameters with the corresponding growth rates and 
thicknesses are listed in Table 4-1. Apart from the trend shown in Fig. 4-19, additional 
information can be obtained: the relative standard deviation (defined as the standard 
deviation/the arithmetic mean) of the ON/OFF ratio, which can be used as an 
evaluation of the variability or programming tolerance of the RRAM device, increases 
with increasing the growth rate and thickness. This is an indication that a slow growth 
rate and a low thickness favors a high stability and low variability of the SDC-STO 
VAN-based RRAM device. The reasons for the influence of the thickness and growth 
rate will be discussed later in Chapter 4.5.5 after probing the underlying RS 
mechanisms.  
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 The influence of “write” and “read” voltages on the RS performance 
Having obtained a SDC-STO VAN-based RRAM device with an optimized ON/OFF 
ratio and good endurance/retention, we turn to discussing the optimization of the 
“write” and “read” voltages using the optimized sample B1. The study on “write” 
voltage was done by conducting 50 cycles’ endurance measurements using four 
different levels of “write” voltages (from ±3 to ±7V) with the “read” voltage being 
kept at 0.3 V. As shown in Fig. 4-20 (a), a low level of “write” voltage (±3 V) cannot 
stabilize the resistance state, as seen from the wide distribution of resistance values 
for both the HRS and LRS (black dots). When the “write” voltage increases to ±4 V, 
the variance and the resistance distribution is reduced (red circles). This reduced 
variance is maintained as the voltage increases further to ±5 V (blue triangles) and ±7 
V (magenta triangles). On the other hand, although the ON/OFF ratio is enhanced 
when increasing from ±3 V to ±5 V, a further increase to ±7 V does not further 
increase the ON/OFF ratio (as shown in Fig. 4-20 by the magenta triangles 
overlapping with the blue triangles). This is consistent with Fig. 4-18 (f), where 
increases of the voltage above 5 V do not bring about enlarged hysteresis in I-V 
curves. Considering the low operating voltage requirements for RRAM devices 
mentioned in Chapter 4.1.1, 5 V is determined to be a proper operating voltage for 
sample B1.   
To study the “read” voltage, endurance measurements were conducted using 
multiple “read” voltages and with the “write” voltage being kept at ±5 V. As shown in 
Fig. 4-20 (b), 0.1 V is unable to maintain a stable endurance as the resistance of the 
HRS (RHRS) has a large variation. This is perhaps because 0.1 V is too small for fast 
detection of the stable resistance states
107
. An increase in the “read” voltage from 0.1 
to 0.3 V can not only decrease the variability but also enhance the ON/OFF ratio. 
However, considering that resistive switching starts to show from 0.5 V (Fig. 4-18 (a)) 
and in order not to alter the triggered resistance states, 0.3 V is selected as a proper 
“read” voltage. 
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Figure 4-20. Influence of the (a) “write” and (b) “read” voltage on the ON/OFF ratio 
and stability of sample B1. 
4.4 Study on the conduction mechanism 
Having obtained the above empirical optimization guideline for device making, an 
in-depth study on the RS mechanism was conducted using the optimized sample B1. 
To probe the nature of the electroforming-free RS effect in the SDC-STO VAN-based 
RRAM device, it is necessary to firstly probe the nature of the conduction mechanism 
in this system. The following discussions will only focus on the conduction 
mechanisms in the electroforming-free samples.  
 The intrinsic conduction mechanism 
As mentioned in Chapter 4.1.2, RS mechanisms can be classified based on whether 
the conductive paths are filamentary (localized) or interfacial (uniformly distributed). 
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To gain additional insights, 100 cycles of endurance measurements were done using 
top electrodes with two different diameters: 100 μm and 300 μm. As shown in Fig. 
4-21, the average RHRS and RLRS values increase simultaneously with the increase in 
the electrode size. This suggests that the conductive channels are uniformly 
distributed over the whole electrode area, and so at least form a 2-dimensional path. 
This behavior is quite different from that expected in a system with a 1-dimensional 




Figure 4-21. Electrode area dependence of the average RHRS and RLRS values of the 
Pt/SDC-STO/Nb:STO RRAM device. Error bars are provided as the standard 
deviation for the resistance values. 
Applying the structural model proposed in Fig. 4-5, there are three distinct 
components in the SDC-STO VAN: the STO matrix, the SDC nanocolumn, and the 
STO-SDC vertical interface. The STO matrix is regarded as a perfect insulator when it 
is defect-free, while the SDC nanocolumns and STO-SDC interfaces (with lots of Vos) 
are regarded as n-type semiconductors
107,122,140
. In reality, Vos in STO are usually 
unavoidable, which results in it also acting like an n-type semiconductor
122
. Therefore, 
due to the high work function of Pt (5.3-5.6 eV) and relative low work functions of 
STO and CeO2 (~3.5-3.9 eV), built-in potentials and Schottky barriers are expected in 
the Pt/STO plain film, Pt/SDC plain film and the Pt/SDC-STO VAN interfaces. On 
the other hand, the oxide/oxide contacts of the film/Nb:STO interfaces are regarded as 
Ohmic contacts
122
. These are corroborated by the asymmetric and rectifying 
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characteristic of the I-V curves shown in Fig. 4-22 (a) - (c), where rectifying behaviors 
are shown in all the three devices in the initial states
141
. The highly asymmetric I-V 
curve is additional evidence that these devices exhibit an interface-limited conduction 
mechanism.  
As discussed in Chapter 2.1.2, there are four kinds of interface-limited conduction 
mechanisms
11,142,143
: Schottky or thermionic emission (I ~ 𝑉
1
2 in semi-log), direct 
tunneling (I ~ 
1
𝑉






 in semi-log), 
and interface-limited trap-assisted tunneling (I ~
1
𝑉
 in semi-log). The conduction 
mechanisms are usually different in different voltage ranges. As our main focus here 
is the conduction mechanism of the Pt/SDC-STO/Nb: STO device in the initial state, 
i.e. in the low negative voltage range before switching happens, only one mechanism 
should be relevant.  
 
Figure 4-22. I-V curves in the pristine state: (a) The Pt/SDC/Nb:STO device, (b) the 
Pt/SDC/Nb:STO device and (c) the Pt/SDC-STO VAN/Nb:STO device in the low 
voltage range. (d) The Pt/SDC-STO VAN/Nb:STO device in the high voltage range.  
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Here, direct tunneling can be ruled out, as the SDC-STO VAN films are thick (≥30 
nm). By plotting the current (I) of the initial resistance state below the SET voltage in 
various manners as a function of the applied voltage (V), the nature of the intrinsic 
conduction mechanism is illuminated. The fitting was conducted on sample B1 based 
on Fig. 4-18 (d). Here the SET voltage is determined to be -0.7 V. For ease of fitting, 
voltages were converted to absolute values. As shown in Fig. 4-23 (b), the nonlinear 
relationship between log I and 
1
𝑉
 rules out trap-assisted tunneling as the conduction 
mechanism. Similarly, the F-N tunneling model does not work (Fig. 4-23 (c)). In 
contrast, the linear fit of the log I vs. 𝑉
1
2 in Fig. 4-23 (d) clearly indicates that the 
intrinsic conduction mechanism is the Schottky emission, where the increase in 
conductivity arises as a result of charges overcoming the interfacial potential barrier
144
 
(i.e. a Schottky barrier in the negative bias, as discussed in Chapter 2.1.2). This 
therefore indicates that the current conduction (including the conduction in the LRS 
and the transition between different resistance states) is relevant to the modulation of 
the Schottky barrier height/width.  
Interestingly, as the absolute value of negative bias increases, the current 
dramatically increases, resulting in a completely different shape of the I–V curve (Fig. 
4-22 (d)) to that in the low bias range (Fig. 4-22 (c)). In addition, the I–V scan with an 
applied bias range of ±2 V shows clear hysteresis. 
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Figure 4-23. I-V curves of the Pt/SDC-STO/Nb:STO device (sample B1) in the initial 
resistance state (voltage range:0 to -0.7 V) fitted using different models. Voltages are 
converted to absolute values. (a) The original I-V plot. (b) The trap-assisted tunneling 
model: Semi-log I ~
1
𝑉






 plot. (d) 
The Schottky emission model: Semi-log I ~ 𝑉
1
2 plot. 
 Calculation of the Schottky barrier height  
Having confirmed Schottky emission as the intrinsic conduction mechanism, we now 
turn to calculating the height of the Schottky barrier under zero bias. The electron 
affinity of STO is known to be 3.9 eV and the work function of Pt is 5.3–5.6 eV 
(Table 2-2). Therefore, a theoretical barrier height value of 1.4–1.7 eV is expected. On 
the other hand, by fitting the I-V curves in Fig. 4-23 (d) with the Schottky emission 
model using equations (2-4) and (2-5), the Schottky barrier height in a non-bias state 
is obtained from the intercept
11





 (as in conventional thermionic emitters where the free electron mass m0 is 
used
145
) and taking the electrode diameter to be 300 μm, then the calculated Schottky 
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barrier height at zero bias is 1.11 eV. 
The difference between the expected value and the calculated value is due to the 
following reasons:  
1. The electron affinity of the STO phase near the vertical interface should be higher 
than that of the ideal defect-free phase used above
9
, which means the real Schottky 
barrier height should be lower than 1.4-1.7 eV.    
2. The effective electron mass (𝑚∗) in the defective n-type STO is expected to be 
higher than the free electron mass (𝑚0 ),
146,147
 which means that the effective 
Richardson constant (𝐴∗) should be higher than 120 A/cm2/K2 (according to equation 
(2-5)). Therefore, the real Schottky barrier height should be higher than the calculated 
values of 1.11 eV.  
After taking these two factors into account, the calculated value will be closer to 
the theoretical values.  
 Conduction mechanism in the low resistance state 
After being “SET” to the LRS, the conduction mechanism deviates from the Schottky 
emission and switches to bulk-limited Ohmic emission, and a linear I-V relationship (I 
~ V) is exhibited in the whole LRS region, as shown in Fig. 4-24 (a) (from -1 V to -5 
V) and Fig. 4-24 (b) (from -5 V to 0 V). The Ohmic conduction mechanism is 
expected in the LRS of most RRAM devices, as the Schottky barrier height/width are 
low enough to enable the movement of electrons in the conduction band and holes in 
the valence band
11
. This produces an effect that equals the formation of an Ohmic 
contact throughout the device.   
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Figure 4-24. Fitting of the I-V curve of the Pt/SDC-STO/Nb:STO device (sample B1) 
in the Low Resistance State (LRS) using the Ohmic conduction model where a linear 
I-V relationship is exhibited. (a) From -1 V to -5 V. (b) From -5 V to 0 V. Voltages are 
converted to absolute values. 
4.5 Proposal of the RS mechanism 
Having confirmed the interfacial nature of the conduction mechanism, the uniform 
distribution of conduction paths and the essential role of the Schottky barrier, we next 
investigate the mechanism of the electroforming-free nonvolatile resistive switching 
in the SDC-STO VAN-based RRAM device. This section starts with discussing the 
reason for the elimination of the electroforming process. Then, by addressing the role 
of the vertical interface (which is electronically active) and Sm doping (which 
modifies the ionic conduction in the SDC phase), the mechanism for the resistive 
switching is explained using a proposed model, where the electronic and ionic 
channels are decoupled into the vertical interfacial part of STO and the SDC phase, 
respectively. Finally, additional proofs are presented to support the model and to gain 
insights into the factors which influence the optimization of the RS performances.   
4.5.1 The role of the vertical interface 
As discussed in Chapter 4.1.4, in VAN-based RRAM devices, the vertical interface 
plays a vital role to eliminate the electroforming process
122
. To confirm the unique 
role of the vertical interface in the SDC-STO VAN (denoted as NC), measurements 
were conducted on two single-phase SDC and STO plain films (denoted as PF). The 
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PFs were grown under the same condition as that of the NC sample B1 (thickness: 30 
nm, growth rate: 0.033 nm/s). In contrast to the NC sample B1, both of the two 
reference PFs need electroforming (as shown in Fig. 4-25 (a) and Fig. 4-26 (a)). 
Additionally, the RS performances are much worse after electroforming, with nearly 
no hysteresis observed in the I-V curves, as shown in Fig. 4-25 (b) and Fig. 4-26 (b). 
This suggests that the coexistence and the integration of the SDC and STO phases are 
essential for the elimination of the electroforming process.  
Besides, as shown in Fig. 4-22 (a), (b) and (d), the current of the NC sample is 2-4 
orders lower than the PFs when the applied voltages are on a similar level in the initial 
state. This indicates that self-assembly of the SDC and STO phase results in an 
effective manipulation of the conductivity under the applied voltage. This 
manipulation of the conductivity, as discussed later, is due to the effective 
modification of the potential barrier in the Pt/SDC-STO interface.   
Considering first the structural factors, the fact that good crystallization is shown 
inside the bulk part of the matrix and column phases of the NC film (Fig. 4-7 (a) and 
(b)) indicates no large structural difference in the SDC and STO phases between the 
NC and PFs. Additionally, the thin film processing is designed to fully oxidize and to 
(slow cooling in 900 mbar O2 after deposition) to minimize the oxygen deficiency in 
the STO and SDC phases and thus the reduction of STO and SDC (which increase the 
conductivity) are unlikely. Therefore, the lattice-mismatched vertical interface, which 
is the only structurally-different area between SDC and STO phases in the NC and PF, 
is likely to be the origin of the enhanced electronic conductivity. This is confirmed by 
the Conductive-AFM (C-AFM) measurements shown in Fig. 4-27: high current areas 
form circular shapes indicating that the conductivity near the vertical heteroepitaxial 
interfaces is higher than that of the bulk part inside the matrix or the column. As 
mentioned in Chapter 4.1.4, this interface conduction is not new in VAN structures. 
It is well-known that the electronic conductivity of STO is sensitive to doping and 
non-stoichiometry. The primary origin of the increased local conductivity in the 
SDC-STO vertical interface is likely the large lattice mismatch between the SDC 
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(c=5.430 Å) and STO (c=3.905 Å) phases, which either induces a non-stoichiometric 
region (such as one with a high concentration of Vos) or leads to electronic 
reconstruction (which induces polar discontinuity or additional interface states) in the 
STO, both of which can contribute to electron donors and increase the electronic 
conductivity of STO near the interfaces
122,128,148,149
. Regions in the bulk of STO 
matrix may also contain Vos, but the concentration is expected to be much lower than 
that in the disordered interfacial areas, and therefore the conductivity is much lower in 
the STO bulk part of the NC (Fig. 4-27 (b)) as well as in the STO PF (Fig. 4-23 (b)).    
 
Figure 4-25. Resistive switching performance of the Pt/SDC/Nb:STO device (film 
thickness: 30 nm, growth rate: 0.033 nm/s): (a) The electroforming process. (b) I-V 
curve under a ±5 V cycle after electroforming. 
 
Figure 4-26. Resistive switching performance of the Pt/STO/Nb:STO device (film 
thickness: 30 nm, growth rate: 0.033 nm/s): (a) The electroforming process (b) I-V 
curve under a ±5 V cycle after electroforming. 
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The enhanced electronic conductivity in the vertical interfaces, as confirmed above, 
helps to explain the elimination of the electroforming process. In the VAN fabrication 
procedure, the self-assembly process has created an electron conduction pathway via 
the generation of a high concentration of defects (most likely Vos) which are localized 
along the vertical interfaces, and as mentioned above, they can increase the electronic 
conductivity without the need to be mobile. The absence of a sudden current jump in 
sample B1 (Fig. 4-18 (a)-(d)) indicates that the switching process is assisted by the 
electronic conductive pathway and occurs gradually, without the need for the 
formation of the electronically active channels by a high voltage. 
The localized defect sites in the vertical interface also provide a medium for highly 
tunable carrier mobility under the application of a small electric field, making it easier 
to modulate the height/width of the interface potential barriers. This is consistent with 
the fact that the switching effect in sample B1 occurs at a very low voltage (Fig. 4-18 
(a)-(b)).  
In light of the above statements, the vertical interface plays two roles: it creates an 
electronic conductive channel, which eliminates the electroforming process, and at the 
same time makes it easier to modulate the interface potential barrier by increasing 
electron mobilities. 
 
Figure 4-27. (a) Topography and (b) a corresponding current map of the SDC-STO 
VAN (Figure taken from
114
). 
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4.5.2 The role of Sm doping in the SDC phase  
Apart from the electronically active vertical interfaces, the ionic conductivity in the 
SDC phase should also be considered as an important factor for the improvement of 
the RS performance. This is because the concentration of mobile Vos, which acts to 
modify the depletion layer width (Wd) of the Pt/film interface (as discussed in Chapter 
4.1.2), can be modified by varying the ionic conductivity of the SDC phase in the 
presence of electric fields. The change of Wd alone (without being assisted by an 
electric field) is deemed to have a great influence on the interface potential 
barriers
114,115
. To confirm the role of the ionic conductive SDC phase in the RS 
performance, measurements were conducted on a reference CeO2-STO VAN sample 
(without Sm doping) grown under the same condition as sample B1 (thickness: 30 nm, 
growth rate: 0.033 nm/s). As shown in Fig. 4-28 (a), an electroforming-free RS is 
observed. This is expected since the same electronically conductive vertical interface 
found in the SDC-STO VAN (sample B1) should form when the growth parameters 
are the same. However, the hysteresis in the I-V curve is smaller than that of sample 
B1, as clearly shown from the comparison of the I-V curves between these two 
samples (Fig. 4-28 (b)). Additionally, the maximum current value after the “SET” 
process (8 mA) is lower than that of sample B1 (14 mA in Fig. 4-18 (d)) and the 
ON/OFF ratio of the endurance measurement is one order of magnitude lower than 
sample B1 (as shown later in Fig. 4-30 (a)). This indicates that the RLRS is much 
smaller in the sample doped with Sm, which therefore suggests that the electronically 
conductive channel (the vertical interface) alone cannot account for the large 
switching effect observed in sample B1, and doping of Sm in the CeO2 phase is 
indeed another important factor. It is well-known that Sm doping increases the ionic 
conductivity of CeO2 and thus the mobile Vo concentration increases massively, which 
is correlated to the enhanced RS performance observed here. Therefore, the existence 
of the ionically conductive phase (SDC), which is spatially decoupled from the 
electronically conductive channel (SDC-STO vertical interface), is essential to the RS 
effect.   
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Figure 4-28. (a) I-V curve of the Pt/CeO2-STO/Nb:STO device under ±1 V, ±2 V, and 
±5 V cycles. (b) Comparison of the I-V curves under 20 repetition of ±5 V cycles 
between the Pt/CeO2-STO/Nb:STO device (black) and the Pt/SDC-STO/Nb:STO 
device. 
4.5.3 Proposal of the separate-channel model 
Having confirmed the role of both the vertical interface and the SDC phase, we now 
turn to explaining the mechanism of resistive switching in the SDC-STO VAN-based 
device. We propose a simplified model based on the following experimental proofs:  
1. As previously shown in Fig. 4-22, the electronic conductivity of the SDC-STO 
VAN (NC) film is much higher than that of the SDC PF or the STO PF in the pristine 
state. C-AFM (Fig. 4-27) then proves that this increased electronic conductivity 
comes from the SDC-STO vertical interfaces, while the bulk STO and SDC parts are 
more electronically insulating.  
2. As proved in previous studies from our group
74
, the ionic conductivities in the bulk 
part of the STO in the SDC-STO VAN are much lower than in the SDC columns, and 
the highest ionic conductivity is localized in the SDC column centers, away from the 
SDC-STO interfaces. Additionally, the crystallinity of the SDC phase in the VAN is 
enhanced compared to that of SDC single phase plain films, which enhances the ionic 
conductivity further.  
3. Although Vos are present in both the SDC phase and the SDC-STO vertical 
interface, their nature is different. At the vertical interfaces, a large ionic conductivity 
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(a large concentration of mobile Vos) is not expected, and the presence of immobile 
Vos mainly enhances the electronic conductivity and electron carrier mobility. On the 
other hand, in the ionic channel, a large ionic conductivity is observed and thus high 
concentrations of mobile Vos exist.  
The proposed model is illustrated in Fig. 4-29 (a): the electronic and ionic channels 
are decoupled into the SDC-STO vertical interface and the SDC phase, respectively. 
On one hand, the vertical interfaces not only eliminates the need for the “construction” 
of an electronic conductive channel using a high driving force but also enhances 
electron mobilities along this channel (Fig. 4-22, Fig. 4-25 to Fig. 4-27). On the other 
hand, the ionic conductivity in the SDC phase creates a high concentration of mobile 
Vos near the top electrode, which allows modification of the Pt/film potential barrier 
and is correlated to a large ON/OFF ratio (Fig. 4-18). These correlations can be 
explained by the mechanism discussed below. 
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4.5.4 Explanation of the RS mechanism  
 
Figure 4-29. (a) Schematic diagram of the model for resistive switching of the 
Pt/SDC:STO/Nb:STO RRAM device with separated ionic and electronic 
nanochannels. (b) The increase in negative bias induces Vo accumulation near the 
electrode, decreasing the Schottky barrier height (eφB) and width (WB), which leads to 
the LRS (process 1 in (d)). (c) The positive bias induces Vo depletion near the 
electrode, and the decrease in positive bias results in an overall increase in the 
Schottky barrier height (eVB) and width (WB), which leads to the HRS (process 4 in 
(d)). The black sketches beside the top electrodes illustrate the relative width and 
height of the Schottky barrier. The sizes of the electrode symbol in the circuit stand 
for the relative direction and strength of the source voltage. (d) R-V curve showing the 
resistance switching process.  
4.  Optimizing the resistive switching performance in the Sm:CeO2 – SrTiO3 VAN 
116 
In the following discussions, we assume that the two channels influence the interfacial 
potential barriers separately. For simplicity, we define both the 
metal-to-semiconductor barrier (positive bias, with a height of eVB) and the 
semiconductor-to-metal barrier (negative bias, with a height of eφB) as Schottky 
barriers (illustrated in Fig. 4-29 (a)). It is known from Chapter 2.1.2 that the 
application of positive (negative) biases can lower eVB and eφB. It is also known from 
Chapter 4.1.2 that the Vo accumulation near interfaces decreases the depletion layer 
width (Wd, equals to the barrier width WB) and decreases the Schottky barrier heights 
(eVB, eφB) as well. Modulation of the resistance states through modulation of the 




Turning back to the separate-channel model in Fig. 4-29 (a), the existence of a 
well-aligned vertical interface (the electronic channel) provides enhanced electron 
mobility, making it easier to lower the barrier heights (eVB, eφB) under biases. On the 
other hand, in the ionic channel, the Vo accumulation/depletion under biases adds in 
an additional effect to affect the barrier heights (eVB, eφB) and width (WB) through 
modulating the depletion layer width (Wd). The barrier height at the interface of the 
Pt/VAN vertical interface is considered to be lower than the Pt/SDC and Pt/STO 
interface, and therefore in the following discussion, we assume that switching mainly 
happens here. Nonvolatile resistive switching occurs when varying the voltage bias:  
1. The application of a negative bias drives a large concentration of mobile Vos in the 
ionic channels and induces Vo accumulation near the Pt/film interface, and this 
decreases the Wd (and then decreases eφB and WB). Meanwhile, the negative bias alone 
can decrease the eφB, which is assisted by the electronic channels. Therefore, when 
increasing the negative bias (process 1 in Fig. 4-29 (d)), an overall shrinkage of the 
Schottky barrier results, which decreases the contact resistance, and this results in the 
“SET” process to the LRS, as shown in Fig. 4-29 (b). A memory effect of the LRS is 
maintained when the negative bias is withdrawn, as the accumulated Vo near the 
electrode cannot be driven back to the film without a positive bias. For simplicity, Fig. 
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4-29 (b) and (c) emphasis on the ionic effect. 
2. When a positive bias is applied, the situation is more complex: on one hand, the Vos 
are depleted near the Pt/film interface, which tends to increase WB and eVB; on the 
other hand, the positive bias alone tends to decrease eVB. Therefore, a competition 
between these two factors results in the maintenance of the Schottky barrier profile 
when the positive bias is increasing (process 3 in Fig. 4-29 (d)), and therefore the LRS 
is still maintained. The “RESET” process to the HRS occurs only when the Vo 
depletion effect surpasses the positive bias effect, i.e. when the positive bias is 
decreasing and both eVB and WB are recovered, as shown in Fig. 4-29 (c), which 
corresponds to process 4 in Fig. 4-29 (d)).  
4.5.5 Further discussions  
Having proposed the separate-channel model and explained the RS mechanism, we 
now turn to providing additional experimental results to prove this model and 
quantitatively analyze the role of the ionic and electronic channels. To do this, we 
study the influence of the Sm doping ratio and the film growth rate on the RS 
performance of the Pt/Sm:CeO2-STO/Nb:STO devices. Using the model, the study on 
growth rate and the discussion on the influence of thickness also help us gain 
additional insights into the factors influencing the optimization of RS performances 
discussed in Chapter 4.3.  
 The influence of the Sm doping ratio 
First, the results discussed in Chapter 4.5.2 underline the importance of Vos on the RS 
performances (Fig. 4-28). To prove and quantify their role, the dopant (Sm
3+
) 
concentrations in the SDC phase (ionic channel) of the VAN films were changed to 
induce different ionic conductivities (which leads to different mobile Vo 
concentrations here). To do this, Sm:CeO2-STO VAN films were grown with the Sm 
doping ratio varied from 0 to 30 %, and endurance measurements were conducted 
using the same conditions as in sample B1 (“write” at ±5 V and “read” at 0.3 V). As 
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shown in Fig. 4-30 (a)-(d), all the reference samples exhibit electroforming-free 
resistive switching and the RHRS values are very close (with a difference of < 15%). 
This is because the Vo concentration is depleted at the Pt/film interfaces by applying 
high positive biases across all the devices, and thus the RHRS values under positive 
biases are similar regardless of the different intrinsic Vo concentrations in the VAN 
films with the different Sm
3+
 contents (as shown Fig. 4-30 (e)). 
 
Figure 4-30. The influence of Sm doping ratio on the ionic channel. Endurance 
characteristics of (a) the Pt/CeO2-STO/Nb:STO device, (b) the Pt/10 at. % 
Sm:CeO2-STO/Nb:STO device, (c) the Pt/20 at. % Sm:CeO2-STO/Nb:STO device 
and (d) the Pt/30 at. % Sm:CeO2-STO/Nb:STO device. Data in (b) and (d) were 
collected by Dr. Seungho Cho. (e) The influence of Sm doping ratio on the average 
resistance values of the LRS and HRS obtained from the endurance measurements. (f) 
The average ON/OFF ratio and the ionic conductivity as a function of Sm doping ratio. 
(The ionic conductivity of Sm-doped CeO2 bulk samples are used, cited from
133
.) 
In contrast to the similar RHRS values, the RLRS values decrease when the Sm 
doping ratios increase from 0 to 20% and then increase again when the doping ratio 
increases to 30% (Fig. 4-30 (e)). Overall, the effective tuning of the RLRS whilst 
keeping the RHRS almost constant results in precise control of the ON/OFF ratio as 
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shown in Fig. 4-30 (f). Comparing Fig. 4-30 (e) with (f), there is a direct inverse 
correlation of the RLRS with the ionic conductivity, and this results in a direct 
correlation between the ON/OFF ratio and the ionic conductivity of the SDC phase. 
Here the ionic conductivities at 600℃ were quoted133. Though measured there at 
600℃ , the values below 600℃ , which would be applicable for our device 
measurements, scale with doping concentration in the same order as that of the 
high-temperature data
133
. The direct inverse correlation between the ionic 
conductivity of the SDC and the RLRS values in the SDC-STO VAN indicates that the 
mobile Vo concentration can be tuned by Sm doping. At 30 at.% Sm, the high 
concentration of defects results in defect associations that lead to a decrease in the 
mobile oxygen vacancy concentration
150
 and hence is consistent with the rise in the 
RLRS values measured for this highest doping level. Therefore, the role of Vo 
concentration on RLRS is clearly proven and the increase in the ionic conductivity of 
SDC by Sm doping is clearly an essential factor that improves the RS performances.  
 The influence of the growth rate 
Having confirmed the role of Sm doping ratios on the ionic channel, we next turn to 
discussing the influence factor of the electronic channel. We turn back to the results 
discussed in Chapter 4.3, where growth rate was regarded as an important factor that 
greatly influences the electroforming process and gives different ON/OFF ratios and 
endurance variance. The separate-channel model proposed above indicates that the RS 
performances are correlated to the effective operation of the conduction channels. To 
understand the influence of the growth rate on the conductive channels, we firstly 
seek insights from the microstructures. Recall Chapter 2.3.2, in the 
nucleation-and-growth mode, the increase in the growth rate results in a smaller 
diffusion length of the VAN phases and therefore a smaller column size is expected. 
This is confirmed by the AFM topography images shown in Fig. 4-31. The decrease in 
the column size parallels the drop in the ON/OFF ratio (Fig. 4-19) and leads to the 
onset of films needing electroforming (Fig. 4-19 and Table 4-1). This, at first glance, 
is inconsistent with the proposed model, as more vertical interfaces (and so more 
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electronically conductive channels) are expected when the column sizes are smaller. 
Therefore, the morphology alone cannot effectively determine the device’s overall 
properties, and more fundamental structural factors should be considered.   
 
Figure 4-31. The influence of growth rate on the SDC column size in the SDC-STO 
VAN (Data collected by Dr. Seungho Cho).  
To check the influence of growth rate on the structural quality, ω rocking curves 
were measured on SDC-STO VANs grown with four growth rates (from 0.033 to 0.5 
nm/s). Fig. 4-32 (a) shows the full width at half maximum (FWHM) of the SDC (002) 
peak, which increases as the growth rate increases. As discussed in Chapter 3.2.1 
(equations (3-7) to (3-12)), the peak broadening of symmetric ω scans is due to the 
following reasons (for more detailed analysis, also see Chapter 5.4.2)
49,50,83
:  
1. The degradation of the crystallinity, arising from the increase in dislocations and 
misorientations, which increases the mosaic spread (or tilt). This is the primary cause 
for the peak broadening
50
.  
2. The limited lateral size (reflected as the coherent length) of the phase. 
The broadening due to phases having limited size as discussed above, is due to the 
decrease in the column sizes measured by AFM, while broadening due to crystallinity 
degradation is also likely to be significant given the defects seen in the 
high-resolution TEM images shown in Fig. 4-32 (c) and (d): when the growth rate 
increases from 0.083 to 0.5 nm/s, the atomic arrangements become disordered and the 
phase boundaries are blurred. Therefore, the crystal structure of the SDC phase, the 
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STO phase and, most strikingly, the SDC-STO vertical interface, are less perfect. This 
means the effective pathway for both the electronic and ionic charge carriers are 
deteriorated due to the existence of misorientations and dislocations. As a result, as 
shown in Fig. 4-32 (a) and (b), the initial state resistance and the ionic conductivity 
both decrease with the increase in growth rates, which influence the electron carrier 
mobility and the mobile Vo concentrations and therefore the effective modulation of 
the Schottky barriers. Hence, the degraded ON/OFF ratio and the enlarged endurance 
variance of the SDC-STO VAN-based RRAM devices with the increase in the growth 
rate of the SDC-STO VAN (Fig. 4-19 and Table 4-1) are understood.  
 
Figure 4-32. The influence of growth rate on the electronic and ionic channels. (a) 
The change of the resistance values of the initial state (black) and the FWHM values 
of SDC (002) peaks of XRD ω-rocking curves (blue) with the variation of the growth 
rate of the SDC-STO VANs. (b) Temperature-dependence of ionic conductivity for the 
SDC-STO VANs grown using different growth rates. TEM images of the SDC-STO 
VANs grown using two different growth rates: (c) 0.083 nm/s and (d) 0.5 nm/s. (The 
ω-rocking curves and the ionic conductivities were collected by Dr. Seungho Cho, 
and the TEM images were taken by Meng Fan and Jie Jian in Prof. Haiyan Wang’s 
group in Purdue University, USA.) 
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Additionally, the formation of less-aligned electronic channels (most likely from 
the increased tilt) at higher growth rates (Fig. 4-32 (d)) may be the main origin for the 
onset of the electroforming process. This indicates that the quality of each electronic 
conductive channel is much more important than the quantities. In order to be 
electroforming-free, the electronic channels (the vertical interfaces) should be well 
crystallized, highly aligned and connected throughout the film thickness. 
 The role of thickness 
In the final stage, we discuss the role of thickness. As shown in Fig. 4-19 and Table 
4-1, a lower thickness favors a higher ON/OFF ratio. The thickness effect is likely 
related to the effective electric field applied over the Schottky barrier. According to 
equation (2-4), the current density in the Schottky emission process is directly related 
to the electric field E. Since the SDC-STO VAN film is not a metallic conductor and 
the electric field is applied through the anode (Pt) and the cathode (Nb:STO), the 
effective electric field across the Schottky barrier is expected to be larger in a thinner 
film at a given voltage, especially in the LRS when the interface is more conductive. 
This leads to an overall decrease in the ON/OFF ratio in thicker films when other 
growth parameters are the same. For the electroforming-free samples, A2 and B2, it is 
noticeable that the average RHRS values are similar (~10
7 
Ω) while the average RLRS of 




Ω in Fig. 4-15 (d)) is over 10 times lower than that of 
the 150-nm sample A2 (10
5 
Ω in Fig. 4-14 (d)).  
Also, the effective working voltage of sample B2 (2 V in Fig. 4-15 (b)) is much 
higher than that of A2 (5 V in Fig. 4-14 (c)), which is perhaps due to the longer 
electronic and ionic channels needing higher voltages to operate normally. Other 
factors, such as the change in crystal quality of the SDC ionic channels with the 
change in thickness, are also possible factors. More works, such as XRD and TEM, 
are needed for getting a quantitative analysis.  
Although the thickness affects the value of the resistance, it does not change the 
nature of electroforming (i.e. both sample A2 and B2 are electroforming-free, while 
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A3, A4 and B3, B4 need electroforming), which indicates that the quality of the 
electronic channels, such as the tilt of the vertical interfaces suggested above, should 
change very little with thickness, thus the crystal quality of the electronic channel can 
be maintained without thickness limitation
42
. This thickness insensitivity, as described 
in Chapter 2.3.1, is the structural advantage of VAN.  
4.6 Summary 
In this work, the RS effect was systematically studied in a highly phase-separated, 
crystalized candidate: the SDC-STO VAN. Electroforming-free RS with an enhanced 
ON/OFF ratio and device durability was shown when the VAN growth rate and the 
thickness were low. This VAN-based RRAM device exhibited improved performance 
compared to plain film-based devices and other reported VAN systems.  
  The mechanism for the RS effect was explained using a model based on having 
separate ionic and electronic channels in the films. The nanoelectronic channels, 
which are localized at the SDC-STO vertical interfaces, are essential for the 
elimination of the electroforming process. They need a high crystal quality and so 
need to be grown using a slower growth rate. The nanoionic channels, which are 
localized in the ionically conductive SDC nanocolumns, provide high concentrations 
of mobile oxygen vacancies. The performance of the ionic channels is tunable by Sm 
doping due to changes in the concentration of mobile Vos. The tunable electron 
mobility (and ionic conductivity) in the electronic (and ionic) channel can alter the 
electrode/film Schottky barrier height and width, and thus the contact resistance is 
highly tunable by applied electric fields.  
This work provides four important prospects in the RRAM field:  
1. Not only has an electroforming-free device been designed, but also a practical 
guideline on how to eliminate electroforming is provided (by increasing the column 
size and crystallinity via slowing down the growth rate).  
   It’s worth mentioning that all the reported VAN systems (Sm2O3-STO
122
, 




 and SDC-STO studied in this work
114
) show electroforming-free 
RS, which indicates that this is a shared characteristic in VANs. However, the 
comprehensive studies in this work reveal that the existence of self-assembled VAN 
vertical interfaces is not a sufficient condition for an electroforming-free RS. 
Additionally the feature size and the quality of the interfaces need to be considered.    
2. A novel separate-channel model is proposed, which is promising for neuromorphics 
as it can emulate the spatially separated channels of bio-neurons. Such an analogy is 
not found in conventional memristive systems (where the ionic and electronic paths 
are locally indistinguishable), making the spatially separate vertical channel structure 
a model system for artificial cognitive systems based on solid-state ionotronics. 
3. Decoupling the conductance channels makes it much easier to enhance the 
performance of electronic and ionic conductivity separately (in this work by 
decreasing the growth rate and increasing the Sm doping ratio independently). This is 
hard in systems with mixed channels.  
4. The conduction channels in VAN-based RRAM devices are localized and 
















Chapter 5  Tuning the physical properties 
of La0.9Ba0.1MnO3 using the La0.9Ba0.1MnO3 
–CeO2 VAN 
 
The works in this chapter focuse on engineering the ferromagnetic insulating (FMI) 
and ferromagnetic metallic (FMM) properties in manganites for potential applications 
in MRAM, spintronic and MERAM devices. This chapter starts with a literature 
review on the properties, distinctions, and limitations of manganites, with stress on 
the lightly-doped manganite La0.9Ba0.1MnO3 (LBMO). The advantage of tuning the 
manganite property using VAN is then discussed, based on which the material system 
is selected as the LBMO–CeO2 VAN. In part two, the growth and characterization are 
presented. Part three studies on the FMI property of LBMO: via VAN strain + Ce 
doping in the LBMO-CeO2 VAN, LBMO maintains the FMI property. Part four 
presents a new nanoengineering route to tuning the LBMO property: by tuning the 
lateral size of LBMO via changing the growth temperature of the LBMO: CeO2 VAN, 
LBMO is tuned from a FMM to a FMI. Also, a highly tunable magnetotransport 
property is realized.  
In this work, I made the target, grew the films, and conducted the characterization, 
electrical and magnetic measurements. TEM works were done by collaborators in 
Haiyan Wang’s lab in Purdue University, USA. XPS was conducted by Dr. Weiwei Li. 
5.1 Literature review 
Manganites have attracted a lot of research interest due to their strong coupling 
between the charge, orbital, and spin degrees of freedom
151
. The interplay among 
ferromagnetic double-exchange (DE) interaction, super-exchange (SE) interaction, 
Jahn-Teller (J-T) distortion, and charge-orbital ordering (COO) interactions enable 
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them to exhibit ferromagnetic-paramagnetic-antiferromagnetic, charge order-disorder 
and metal-insulator transitions
152
. As discussed in Chapter 1 and 2, ferromagnetic 
insulators and ferromagnetic metals are important components in MRAM and 
spintronic devices and ferromagnetic insulators are important for MERAMs. Strongly 
correlated perovskite manganites are a fascinating family which exhibit the whole 
spectrum of these functionalities. 
5.1.1 Manganite: structure and basic physics 
 Crystal structure 
The manganite family has a perovskite ABO3–type unit cell with a generalized 
chemical formula of RE1-xAE1-xMnO3, as illustrated in Fig. 5-1 (a). The A-site is 
occupied by the trivalent ion of rare earth (RE) metals (such as La, Pr, Nd, Sm, etc) in 
solid solution with divalent alkaline earth (AE) metal ions (such as Ca, Sr, Ba, etc), 
while the B-site is taken up by Mn ions which have smaller ionic radii than those of 
the A-site. The manganite crystal structure is formed by a 3-dimensional network of 
MnO6 octahedra with shared O corners, as shown in Fig. 5-1 (b), and the A-site ions 
occupy the twelve-fold cavities in the polyhedra formed by the octahedral net.   
The unique perovskite structure of manganites possesses several structural factors 
which closely influence the physical properties:   
1. Tolerance factor: In an ideal case, the perovskite structure has a close-packed 
cubic unit cell. However, in real cases, it occasionally shows distortion from the cubic 
structure, due to the crystal field splitting of the Mn 3d electron orbitals, or the 
connective pattern of the MnO6 octahedra
151
. The extent of lattice distortion (termed 
as Jahn-Teller distortion) can be evaluated by the tolerance factor defined as:  
f  = 
𝑟𝐴+𝑟𝑂
√2(𝑟𝐵+𝑟𝑂)
                              (5-1)  
where ri (i=A, B, O) represents the average ionic radius of each site. The tolerance 
factor is a measure of the lattice-matching between the sequential AO and BO2 planes. 
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It defines the ability of the A-site cation to be accommodated into the cavities between 
the MnO6 octahedra. When f decreases, the lattice distortion increases and the crystal 
structure transforms from cubic (f=1) to rhombohedral (0.96<f<1) and then to 
orthorhombic (f<0.96)
151
. In manganites, the tolerance factor is strongly influenced by 
A-site doping. Hwang et al. reported an empirical phase diagram in which the Tc of 
alkaline earth metal-doped LaMnO3 increases with the increase of f and a peak of 370 




Figure 5-1. (a) The unit cell of the perovskite ABO3 structure of manganites. (b) The 
3-dimensional stacking of the MnO6 octahedra. 
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2. Mn-O bond: The Mn-O ionic bond has two characteristic parameters: (1) The 
Mn-O-Mn bond angle θ. In a perfect cubic structure, it should be 180
o
. (2) The bond 
length d, which is equal to 𝑟𝐵 + 𝑟𝑂. When the manganite perovskite lattice deforms, 
the bond angle θ is likely to be bent and deviated from 180
o154
. θ and d are not only 
influenced by A-site doping, but are also sensitive to external pressure or strains
155
. 
The Mn-O bond is closely related to the “one electron bandwidth” and double 
exchange coupling and thus the physical properties, which will be discussed later. 
3. Octahedral rotation: The octahedra in manganites are connected through the 
shared oxygen corners, and this enables them to have freedom of connective rotation 
in the presence of high pressure (physical pressure) in bulk form. When grown into 
epitaxial thin films, the octahedra patterns are influenced by the epitaxial strain or 
crystal symmetry mismatch in a more complex way. Although strain has been used for 
interfacial engineering for a long time, its long-range nature makes it less informative 
at the atomic scale. This brings about more microscopic-level studies such as 
interfacial oxygen octahedral coupling (OOC)
156
: to ensure the corner connectivity of 
octahedra across the substrate/film interface, the magnitude and pattern of the 
substrate octahedral rotation can be transferred to the film lattice, thus influencing the 
crystal symmetry and physical properties of the films on a much smaller scale.  
 Electronic band structure and Mn 3d orbitals 
The structural parameters mentioned above are closely related to the manganite 
electronic band structure. Band structure is determined by two important parameters: 
one is the “one-electron bandwidth” Wa (which, differs from the band gap Eg, is 
another important parameter in manganites), another is the band filling (which 
correlates to the density of states near the Fermi Level)
151
. These parameters are 
determined by structural and compositional factors, which in turn strongly influence 
the exchange interactions and thus the physical properties.  
In hole-doped manganites, the active physical properties are determined by the 
feature of the Mn 3d electron band, which is influenced by the five degenerated 
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orbitals. The degeneracy is a result of the strong coupling between the spin, charge 
and orbital degrees of freedom. The Mn ions in perovskite manganites are in 
octahedral coordination and due to the crystal field, the Mn 3d electron orbital 
degeneracy is partially lifted into two higher-energy eg states and three lower-energy 
t2g states
151
. The t2g electrons are more localized and stabilized by the crystal field 
because of less hybridization with the O 2p states, whereas the eg electrons can be 
itinerant when electron vacancies or holes are created (e.g. by inducing Mn
4+
 through 
doping), hence acting as the conduction electrons
157
. In doped manganites, Jahn-Teller 









) orbitals, and the t2g states into xy, yz, zx orbitals
158
, as shown in Fig. 5-2 
(taking Mn
3+
 as an example).   
 
Figure 5-2. The crystal field splitting of the 3d eg electron orbitals in a Mn
3+
 ion under 
an axial elongation of the MnO6 octahedron. 
The occupancy of 3d electron orbitals, which is a result of complex structural 
interplays, influences the physical properties. Starting from the parent phase of the 
Lanthanum manganites, LaMnO3, the A-site is undoped and therefore the B-site Mn 
has a single valence of +3. The collective Jahn-Teller distortion strongly influences 
5.  Tuning the physical properties of La0.9Ba0.1MnO3 using the La0.9Ba0.1MnO3 –CeO2 VAN 
130 
the 3d orbital occupancy of LaMnO3 and gives rise to the ordering of orbitals
159
. The 
orbital ordering results in anisotropic electron-transfer interaction, which favors or 
disfavors ferromagnetic (FM) or antiferromagnetic (AFM) interactions in an orbital 
direction-dependent manner
158








 orbitals order 
alternatively in the in-plane direction forming FM coupling within the plane, while 
AFM interactions exist between the planes. The resulting spin ordering is called an 
A-type AFM configuration, and therefore LaMnO3 is an AFM insulator. With hole 
doping, the Jahn-Teller distortion is diminished, and FM interactions emerge and the 
orbital state tends to be disordered. The resulting orbital occupancy, either mixed-type 
or preferential occupancy, depends on the way of lattice deformation
158,160
.  
Orbital occupancy determines the overlap between Mn 3d and O 2p orbitals which 
influences the one electron bandwidth and transfer integral between the neighboring 
Mn atoms and thus the exchange interactions
158
, as discussed later.  
 Exchange interactions 
Double exchange (DE) coupling. The coexistence of ferromagnetism and metallicity 




 DE coupling as 
shown previously in Fig. 2-8 (b). The DE coupling is closely related to various kinds 
of structural and compositional changes of manganites:  
1. Mn-O bond length/angle. The mixed valence of Mn gives rise to electrons which 
can hop between adjacent Mn sites (i and j) through the hybridization of Mn 3d and O 
2p orbitals. The effective transfer integral tij, which is directly related to the “one 
electron bandwidth” Wa
151
, is determined by the relative direction of the two spins 
(illustrated as θij in Fig. 5-3 (a)) and the distance between two spins (illustrated as a in 
Fig. 5-3 (a)). An empirical formula of tij is expressed as
161
:  
                tij ∝ Wa ∝ d
−3.5
sin(θ/2)                            (5-2) 
where d is the bond length (a=2d sin(θ/2)) and θ is the bond angle (θ=π-θij, where θij 
is the angle between the adjacent spins). It has been experimentally proven that a 
larger θ or a smaller d result in a larger Wa and tij and therefore a higher ferromagnetic 




. θ and d are closely related to the lattice parameters.  
2. 3d eg orbital occupancy. The transfer integral in doped manganites is also 
determined by the overlap of the Mn 3d orbitals with the O 2p orbital, and the extent 
of the overlap is anisotropic
158
. For example, as illustrated in Fig. 5-3 (b), the overlap 
between the dx2-y2 and px (py) orbitals is maximized, due to the similar symmetry with 
respect to the holding in the xy plane, and therefore the electron hopping is favored in 
the xy plane, whereas the hopping of d3z2-r2 electrons are disfavored in the xy plane 
due to the lack of effective orbital overlap. Therefore, the preferential occupancy of 
the Mn 3d orbitals is another important factor for the modification of spin alignment 
and charge transport.  
Strain is one effective external force to alter the orbital occupancy in manganites, 
thus tailoring the electronic/magnetic properties
40,160,162,163
. It has been reported that in 













Figure 5-3. (a) Illustration of the Mn-O-Mn bond angle (θ) and length (d) in the DE 
coupling. (b) The overlap between the different Mn 3d orbitals and the O 2p orbitals. 
3. Hole carrier concentration. The above two factors reflect the structural aspects and 
influence the bandwidth. As a compositional factor, the hole carrier concentration 
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) essentially influences the “band filling” and 
hence the effective strength of the DE coupling
151
. The filling of the conduction band 
is given as n=1-x, where x is linked to the alkaline metal doping concentration
157
. 
  There are certainly other factors that influence the DE coupling, which are beyond 
the scope of this work and will not be discussed in detail.  
Superexchange (SE) coupling. Unlike DE coupling, SE interaction exists between 
Mn ions with equal valences (as previously shown in Fig. 2-8 (a)), which can give 
either ferromagnetic or antiferromagnetic coupling. The corresponding SE 







 coupling usually leads to an antiferromagnetic 
insulating state, with the undoped LaMnO3 being an example.  
DE alone is not sufficient to explain the rich physical properties of manganites. In 
higher or optimum doped LaMnO3, DE coupling is more dominant. When the doping 
level is low, Mn
3+
 ions take a larger part of the B-site, and therefore there is a strong 









, giving rise to FMI) couplings. The FMI property is one result of such 
competition
165,166
. Besides, since the perovskite manganites have strong correlation 
between the spin, orbital, and charge degrees of freedom, there are certainly other 
important factors, such as the electron-lattice interaction (with Jahn–Teller distortion 
being dominant), the intersite exchange interaction between the eg orbitals (orbital 
ordering) and the intrasite/intersite Coulomb repulsions among the eg electrons
151
. The 
overall magnetic and transport properties are a result of complex competitions 
between these interactions.  
 Magnetotransport 
In manganites, the magnetoresistance can be divided into intrinsic and extrinsic based 
on the origin. Intrinsic MR is also termed as Colossal Magnetoresistance (CMR). It is 
closely related to the interplay between the DE coupling and the Jahn–Teller 
distortion, both of which are sensitive to the application of a magnetic field. Since the 
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magnetic field can effectively suppress the spin fluctuations and change the 
paramagnetic-ferromagnetic phase separations/transitions near the Tc, the CMR 
usually shows a maximum around this temperature
167,168
, i.e. the largest drop of 




 spins which 
favors electron hopping.  
Some manganites are half-metals, where the conduction band for one spin 
orientation is partially filled while a gap exists in the density of states for the opposite 
spin orientation. This spin polarization enables them to behave like a conductor to 
electrons for one spin orientation while acting as an insulator to electrons of the 
opposite spin direction, which can induce extrinsic MR whose maximum does not 
rely on the Tc. In polycrystalline materials or composite systems, the existence of 
phase boundary or grain boundary acting as thin tunneling barriers assists in 
spin-polarized electron tunneling, which induces tunneling magnetoresistance 
(TMR)
168
. In some cases, grain boundaries can induce large TMR at small magnetic 
fields (<0.1 T), which is termed as low-field MR (LFMR)
169
. Giant magnetoresistance 
(GMR) is another kind of extrinsic MR existing in a ferromagnetic 
metal/non-magnetic metal/ferromagnetic metal configuration, and the mechanism 
relies on spin-dependent scattering
168
. In both TMR and GMR, the electrical 
resistance of the system is highly dependent on the relative spin alignment between 
the two adjacent ferromagnetic parts, which can be controlled by the application of a 
magnetic field.   
5.1.2 Distinctions of lightly-doped manganites 
The higher or optimum-doped manganites are well-known for their FMM property 
and the high Tc near or above room temperature. They are a widely-used source of 
spin-polarized carriers in spintronic and MRAM devices
170
. 
In spintronic devices, FMIs have also gained more interest. When doped with a low 
concentration of alkaline metal, it is known that certain classes of manganites in bulk 
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form show the coexistence of ferromagnetism and insulating conductivity. As 
discussed previously in Chapter 2.2.2, FMI is required in spin filter devices, MRAMs 
with reduced power consumption or MERAM devices
171,172
. Indeed, at practical 
operating temperatures (e.g. above 77 K of liquid N2), the coexistence of 
ferromagnetism and insulating conductivity is very rare in known materials
171,173
. 





, but their relatively low Tcs hinder their application. Double 
perovskites (such as La2CoMnO6, Tc~220 K), ferrites (such as NiFe2O4, Tc>300K) 
and garnets (such as Bi3Fe5O12, Tc>300 K) have high Tcs
176–178
, but their complex 
structures, difficult growth conditions or moderate conductivity in thin film form 
make them problematic. In comparison, hole-doped manganites, especially the 
La1-xAxMnO3 (A=Ca, Sr or Ba) family, have perovskite structures which are 
structurally compatible with widely available perovskite substrates of SrTiO3-buffered 
Si, and other perovskite oxides with wide-ranging functionalities for multifunctional 
devices
179
. Fig. 5-4 shows the phase diagrams of La1-xAxMnO3 (A=Ca, Sr or Ba). 
Lightly doped La1-xAxMnO3 (x<0.2) in bulk form has FMI properties with a Tc higher 
than the liquid N2 temperature
151
. The mechanism for the coexistence of 
ferromagnetism and insulating conductivity in lightly doped manganites is still 
controversial. The competition between the DE (which gives metallicity) and SE 
(which gives insulating conductivity), and the ordering of charge/orbitals are 
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 and (c) 
La1-xBaxMnO3
184
 (CAF=canted antiferromagnetic, CO=charge-ordered insulating, 
FI=ferromagnetic insulating, FM=ferromagnetic metallic, AF or 
AFM=antiferromagnetic, PI=paramagnetic insulating, CI=spin-canted insulating, 
PM=paramagnetic metallic, FMP= ferromagnetic multiphase.) 
  Lightly doped La1-xAxMnO3 lies in a narrow region where the physical properties 
are very sensitive to structural and compositional perturbations. For example, it has 
been reported that a 0.65% in-plane tensile strain enhances the Tc of La0.9Ba0.1MnO3 
by almost 100 K
185
. A similar case has been reported in lightly doped La1-xSrxMnO3
152
. 
It is also clearly shown in Fig. 5-4 that the Tc of the La1-xAxMnO3 family is more 
sensitive to compositional change in the lightly doped region. This indicates that the 
physical property of lightly-doped manganites can be highly tunable under external 
forces, including but not limited to strains and compositional modulations. The 
tunability of functionality in lightly doped manganites, as indicated by the phase 
diagram, can range from a FMI to a FMM, which can expand their application 
capability in MRAM, spintronic or MERAM devices. 
5.1.3 Limitations in lightly-doped manganite plain films 
Currently, the application of lightly-doped manganites in thin film devices is limited, 
a key reason being that the desired FMI bulk properties is modified, deteriorated or 
even vanish when grown on SrTiO3 or other substrates
163,185,186
, and an anomalous 
metallic behavior with an insulator-to-metal (I-M) transition is observed over a wide 
range of temperatures depending on the growth and heat treatment process. This 
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anomaly exists even above the relaxation thickness (>100 nm). The reason for the 
modified properties of lightly-doped La1-xAxMnO3 thin films is controversial, with 
epitaxial strain (modification of the Mn-O bond length/angle and orbital occupancy 
being part of this), electronic reconstruction, and non-stoichiometry all claimed to be 
possible origins
152,161,185–189
. Indeed, the lack of ability to translate bulk properties to 
thin films is well-known in the broad range of manganite compositions
40,152
, and in 
many other functional perovskites (including ferroelectrics and superconductors) 
too
190,191
, which are caused by the existence of the substrate-induced “dead layer” 
effect or other reasons
192–195
. Although progress has been made in reducing the 
so-called “dead layer” thickness and realizing bulk-like FMM properties in higher 
doped manganites or other perovskite oxides via delicate design
196,197
, the inability to 
achieve insulating performance in lightly doped manganites still remains. 
In manganite thin films in general, strain is controlled only by the substrate, i.e. by 
the in-plane (ip) strain from epitaxial constraints, and the out-of-plane (op) strain is 
modified as a consequence of elastic effects. The strain uniformity tends to deteriorate 
and it relaxes gradually in a variety of ways as the film thickens. Since the formation 
energy of point defects is lower than misfit dislocations, and the octahedra in 
perovskite oxides have high freedom of tilt/rotation, relaxation can occur by other 
phases forming, lattice modulation, or by cation/oxygen vacancy generation
47,198–200
. 
Many of these problems are uncontrollable, which add burdens to tuning the 
functionality of manganites when grown into plain thin films. The modified properties 
of thin film manganites are a serious problem in terms of their device applications.  
5.1.4 The advantage of VAN for tuning the manganite property  
As discussed previously in Chapter 2, VAN has provided new routes to tuning the 
physical properties of heteroepitaxial oxides
38,48
, e.g. simultaneous tuning of both the 
op and ip strain states of a softer matrix phase by a stiff nanocolumn phase with a 
substrate to vertical strain transition above a certain thickness
40,44
, and an enhanced 
strain homogeneity without thickness limitation
42
. Strain tunability and uniformity 
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provide possible solutions to the above-mentioned problems in manganite thin films, 
i.e. to tune the properties and restore some of the FMI bulk characteristics of 
lightly-doped manganites, to enhance the strain homogeneity, and to engineer the 
functionalities of manganites without the influence of relaxation or substrate 
modification.  
It is known that apart from strain and compositional variation, physical properties 
of manganites are also sensitive to “dimension cross-over”
192–195
 (i.e. a variation in the 
film dimension which induces a modification of physical properties such as reduction 
of Tc or emergence of new electronic states when it is very thin, due to orbital 
reconstruction/interfacial oxygen octahedral coupling, etc). The tunable growth 
kinetics in VANs, as mentioned in Chapter 2.3.2, make it possible to tune the 
dimensionality of manganites through self-assembly, rather than by the 
time-consuming artificial design. By controlling the self-assembly kinetics, the tuning 
of properties can be elaborated by will. This tuning is controllable, which is different 
from and superior to the uncontrollable structural modulation in plain films.  
5.1.5 Selection of materials 
Lightly-doped manganites are the main focus of this work, not only because of the 
intriguing FMI property but also for their sensitivity to external stimuli which results 
in highly tunable physical properties (i.e. from FMI to FMM).  
Compared to La1-xSrxMnO3 and La1-xCaxMnO3, lightly doped La1-xBaxMnO3 has a 
higher Tc
151,163,183,184
. For example, Tc is 185 K for x = 0.1, whereas it is ≤150 K for 
the same x value in La1-xSrxMnO3 and La1-xCaxMnO3 (as shown in Fig. 5-4). High 
spin polarization has also been reported in La0.9Ba0.1MnO3
201
 which makes it a 
candidate material for spintronics studies. Therefore, La0.9Ba0.1MnO3 (denoted as 
LBMO hereafter) was selected as the matrix phase of the VAN. La0.9Ba0.1MnO3 has 
an orthorhombic structure in bulk (space group Pnma), and the reported pseudocubic 
lattice constants in literature are close to that of the STO substrate (~3.905 Å
185,186,202–
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205
) but varies in a range from 3.88 to 3.92 Å, due to the easy existence of 
non-stoichiometry. 
 
Figure 5-5. Schematic diagram for the role of strain tuning in a La0.9Ba0.1MnO3 
(LBMO)-CeO2 VAN. 
CeO2 was selected as the strain controlling phase for LBMO, as CeO2 is stiffer than 
LBMO (the Young’s Modulus 𝐸CeO2=220–240 GPa
206,207
, while the reported E for 
manganite is ~120–140 GPa
208,209,210
). Thus, in the VAN films, CeO2 is predicted to 
control the strain state of LBMO (as shown in Fig. 5-5) as reported in other similar 
systems (e.g. perovskite manganite-CeO2 combinations)
43
. The addition of CeO2 is 
also deemed to be beneficial from a doping point of view: Ce is known to substitute 
on the A (La) site in La manganites
211
, this being promoted by the known cation 
deficiency of the La site
212
 (as discussed later in Chapter 5.3). For more detailed 
structural properties of CeO2, see Chapter 4.1.5.  
5.2 Growth and characterization  
5.2.1 Making the target 
The targets for the VAN and reference plain films were made using the procedure 
shown in Fig. 3-1. Fig. 5-6 shows the XRD 2θ-ω scans of the LBMO single phase and 
LBMO-CeO2 (molar ratio 1:1) composite target. All the diffraction peaks belong to 
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either CeO2 or LBMO, indicating high-quality polycrystalline phases.  
 
Figure 5-6. XRD 2θ-ω scans of the La0.9Ba0.1MnO3-CeO2 composite target and the 
La0.9Ba0.1MnO3 single-phase target. 
5.2.2 Growth of the La0.9Ba0.1MnO3–CeO2 VAN films 
La0.9Ba0.1MnO3 (LBMO)-CeO2 (molar ratio 1:1) VAN (denoted as NC) films and 
reference La0.9Ba0.1MnO3 plain films (denoted as PF) were grown on single crystalline 
SrTiO3 (001) substrates via a one-step process by pulsed laser deposition (PLD) using 
the same composite target. During deposition, the oxygen partial pressure was 
maintained at 0.2 mbar. The repetition rate and laser fluency were 1 Hz and 1 J/cm
2
, 
respectively. For studies of thickness influence in Chapter 5.3, the growth temperature 
was kept at 720℃ and the film thickness varied. For temperature-dependent studies 
in Chapter 5.4, the growth temperature was varied from 690℃ to 800℃ while the 
film thickness was kept at around 45 nm. After deposition, the samples were cooled 
down to room temperature under an oxygen pressure of 0.4 atm with a cooling rate of 
10℃/min.  
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The TEM and XRD results of a 46 nm thick LBMO-CeO2 NC film grown at 720℃ 
are shown in Fig. 5-7. Clear phase separation, high crystalline quality and epitaxy are 
observed in the TEM cross section and plan view images in Fig. 5-7 (a) and (b). The 
CeO2 nanocolumns (average radius 6–8 nm) are densely distributed within a 
continuous LBMO matrix, and the average spacing between the CeO2 nanocolumns is 
only ~3–6 nm. This structure is common when a combination of manganite-binary 
oxide are coherently grown on a perovskite substrate
213
.  
Fig. 5-7 (c) shows the XRD 2θ-ω scan of the NC film (and a 42 nm LBMO PF 
grown under the same conditions as a reference). The thickness fringes of both the 
LBMO and CeO2 phases are shown in the NC indicative of a high-quality epitaxy and 
smooth surface of both phases on the STO substrate. The thickness fringe of the NC 
around the STO (001) peak was simulated using the converted ω-2θ scan by Lee’s 
kinematic program
214
 (as shown in Fig. 5-7 (d), for the fringe only), where an average 
thickness of 46 nm for the LBMO phase gives the best fit. This is in good agreement 
with the TEM result in Fig. 5-7 (a), indicating the single-crystalline nature of the 
LBMO (001) phase throughout the film thickness. Apart from the LBMO (00l) phase, 
there is also a weak peak at 39.4
o 
which is likely from the LBMO (111) phase
66
.  
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Figure 5-7. Structural characterization of a LBMO-CeO2 VAN film grown at 720℃: 
(a) Bright-field TEM cross-section image. (b) High-resolution high angle annular 
dark-field plan view STEM image. (c) XRD 2θ-ω scan (the 2θ-ω scan of a 
42-nm-thick LBMO plain film is included as a reference). (d) Thickness fringe 
simulation around the (001) peak (using the converted ω-2θ scan). (e) Reciprocal 
space map (RSM) around STO (113). (f) Selected area electron diffraction (SAED) 
index. (g) Phi scans of the STO (111) and the CeO2 (111). (TEM images taken by 
Xing Sun and Jie Jian in Prof. Haiyan Wang’s group, Purdue University, USA) 
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  Fig. 5-7 (e) shows the reciprocal space map (RSM) (around STO (113)) of the NC 
film, which confirms the coexistence of the LBMO and CeO2 phases. The 
high-intensity tail on the right of the STO (113) peak comes from the imperfections 
from the STO substrate (as the substrates from the same batch also show this peak), 
and the tail at the bottom of the STO (113) peaks belongs to the LBMO (113) phase 
(as confirmed by the 2θ-ω scans shown later in Fig. 5-15 (d)), indicating that the 
LBMO phase is fully strained on the STO substrate. The CeO2 phase is relaxed, as 
indicated by the non-overlapping diffraction peak center of the CeO2 (204) phase with 
respect to the STO (113) phase (illustrated by dashed lines). 
The selected area electron diffraction (SAED) pattern is shown in Fig. 5-7 (f). It is 
noticeable that the diffraction spot of STO (002) is broadened compared to that of the 
STO single crystal, indicative of the close overlap of the LBMO and STO op 
diffraction spots because of their similar lattice constants.   
The phi scans of the STO (111) and CeO2 (111) peaks are shown in Fig. 5-7 (g), 
which indicate a 45
o
 ip rotation of the CeO2 phase with respect to the STO substrate, 
as illustrated in Fig. 5-8 (a). As reported previously, the ip lattice constant of CeO2 can 




. This crystallographic matching 
relationship is confirmed by the SAED pattern, and thus the ip epitaxy relationship is 
determined to be STO [100]//LBMO [100]//CeO2 [110].  
By using the SAED pattern and the XRD results, the op epitaxy relationship is 
determined to be STO (001)//LBMO (001)//SDC (001), as illustrated in Fig. 5-8 (b).   
More detailed and systematic structural analysis will be presented later in Chapter 
5.3 and 5.4 as a part of the discussion. 
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Figure 5-8. (a) In-plane crystallographic matching between the CeO2 phase and the 
STO substrate. (b) Out-of-plane crystallographic matching between the LBMO and 
CeO2 phase.  
Having obtained the basic crystallographic information, comprehensive growth 
studies were followed. The influences of post-annealing, thickness, and growth 
temperature will be presented in the following discussions.  
1. The influence of high-temperature annealing. High-temperature post-annealing 
was used in the growth of plain manganite thin films (mainly higher-doped ones) in 
many works to improve the stoichiometry and crystallization. In this work, 
post-annealing was conducted (900℃, 10 h) on the 46 nm LBMO-CeO2 VAN grown 
at 720℃, and the plan-view TEM images before and after annealing are shown in Fig. 
5-9. The morphology of the nanocolumns evolves from a round shape to a maze-like 
shape, and the phase boundary is blurred after annealing.  
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Figure 5-9. Influence of annealing on the plan-view TEM microstructure of the 
LBMO-CeO2 VAN: (a) and (c) before annealing, (b) and (d) after annealing. (TEM 
images taken by Xing Sun and Jie Jian in Prof. Haiyan Wang’s group, Purdue 
University, USA) 
Fig. 5-10 shows a comparison of the XRD 2θ-ω scans. Although annealing can 
enhance the crystallinity (as the LBMO peak is sharpened after annealing), impurity 
phases are brought in (e.g. an unknown diffraction peak is observed at 65
o
 after 
annealing). The overall rightward shift of the diffraction peaks (as indicated by the 
dotted arrows) is a result of excessive oxygen coming into the LBMO and CeO2 
lattices. As discussed later, this excessive oxygen, which results in cation-deficiency, 
is also unwanted for the lightly doped La0.9Ba0.1MnO3.  
In short, the results above suggest that high-temperature annealing is not a proper 
treatment for the phase separation of the LBMO-CeO2 VAN.  
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Figure 5-10. XRD 2θ-ω scans for the LBMO-CeO2 VAN before and after annealing. 
2. The influence of thickness. With increasing thickness, substrate to vertical strain 
transition is observed, and the details will be described in Chapter 5.3.  
3. The influence of growth temperature. With changes in the growth temperature, 
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5.3 Maintaining the ferromagnetic insulating property of LBMO 
in thin films through VAN doping+strain 
In this section, we firstly show that the ferromagnetic insulating property of 
La0.9Ba0.1MnO3 (LBMO) is achieved in the LBMO-CeO2 VAN, and then discuss the 
compositional/structural origins. The films in this section were all grown at 720℃.   
5.3.1 Maintaining the FMI property in the LBMO–CeO2 VAN 
A series of LBMO PF and LBMO-CeO2 NC films were made, and the thickness 
varied from 12 to >100 nm. Above ~50 nm, the film properties did not show further 
marked changes in functional performance but instead long time deposition may 
cause thermal annealing or strain relaxations. Hence, we mainly focus on the change 
in film properties up to ~50 nm.  
Fig. 5-11 (a) shows resistance vs. temperature (R-T) curves for two LBMO PFs. An 
insulator-to-metal (I-M) transition is present in the PF, and when the thickness is 
increased from 21 to 42 nm, the I-M transition temperature, TM, remains almost 
constant at around 220-223 K (with a slight increase of 3 K), as shown by the arrow. 
This is consistent with the general trend in manganite thin films that relaxation occurs 
above a certain thickness, which leads to an almost constant TM (Tc)
196
. The existence 
of metallicity in the thicker PF indicates that, apart from the strain, there is another 
cause of the metallicity in the PF, which is likely non-stoichiometry. 
The I-M transition (and the corresponding paramagnetic-ferromagnetic transition 







. The DE coupling in doped manganites is influenced by both doping 
and strain
179
. Charge-orbital ordering (COO), which is characteristic of lightly doped 
manganites
182
, occurs at a much lower temperature TCOO. This brings about the 
observed resistance upturn in the PFs in Fig. 5-11 (a). The increase in TCOO with the 
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increase in thickness: from 120 K (21 nm) to 155 K (42 nm) can be correlated to the 




Figure 5-11. Thickness dependence of the resistance vs. temperature (R-T) curves of 
(a) LBMO plain films (PFs) and (b) LBMO-CeO2 nanocomposite (NC) films. The 
R-T curve for the LBMO bulk is also shown as a comparison. Thickness dependence 
of the field cooling M-T curves of (c) the LBMO PFs and (d) the LBMO-CeO2 NC 
films. M-T curve for the LBMO bulk target is also shown for comparison. The applied 
field was 200 Oe. 
The resistance in Fig. 5-11 is not converted to resistivity using the methods 
discussed in Chapter 3.4.2 considering the different nature of conductive paths (and 
different cross section areas for current flow) between the PF and NC. The R-T plot 
for two NC films and the La0.9Ba0.1MnO3 bulk target (inset) are shown in Fig. 5-11 (b). 
The LBMO bulk is insulating, as expected. A thickness dependence is found in the 
NC films: a lower thickness (≤23 nm) favors a more metallic transport property 
while a larger thickness NC film (≥46 nm) gives insulating behavior without any 
metallicity. The insulating and metallic behaviors are defined based on the slope of 
dR/dT, i.e. a negative slope indicates an insulating behavior and a positive slope a 
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metallic behavior. Since it is hard to determine the I-M transition temperature for the 
46 nm NC, the TM is estimated by extrapolating the inflection point in the R-T curve 
(the trend is shown by the arrow). 
The temperature-dependent magnetization (M-T) data for the PF and NC are shown 
in Fig. 5-11 (c) and (d). The applied magnetic field was 200 Oe and it was applied 
parallel to the substrate plane. The Tc, determined at the temperature where the dM/dT 
reaches the maximum, changes in a similar way as TM: the Tc of PF remains almost 
constant at around 212 K (with a slight increase of 3 K) while the Tc of NC decreases 
from 201 K to 188 K when the thickness increases from 23 to 46 nm. The M-T curve 
for the La0.9Ba0.1MnO3 bulk target is also included in the inset of Fig. 5-11 (d) for 
comparison and a Tc of 182 K is observed, as expected for bulk of this composition
204
.  
The above results show that the FMI property is maintained in the thicker NC. To 
explain this, we focus mainly on the modification of DE coupling, whose influencing 
factors have been well established, while the SE interaction is regarded as a 
background
215
. In the following sections, we firstly probe the compositional origin 
and then discuss the structural modification.   
5.3.2 A compositional origin: Ce doping of LBMO 
Fig. 5-12 (a) shows the plan view EDS element mapping of the 46 nm NC. These 
results, together with the TEM images shown in Fig. 5-7, prove the clear phase 
separation. As shown in the local EDS spectrum in Fig. 5-12 (b) and the La/Ce EDS 
line profile in Fig. 5-12 (c), Ce doping of the LBMO phase is observed, and the level 
is estimated to be 5-10% Ce doping on the La site. Also, La doping of the CeO2 phase 
occurs on an estimated level of ~10-20%.  
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Figure 5-12. Proof of Ce doping in LBMO in the 46-nm NC. (a) Energy Dispersive 
X-ray Spectroscopy (EDS) plan view element mapping of the 46-nm NC film (color 
online). (b) EDS element spectrum showing a small amount of Ce exists in the LBMO 
area (top) and La exists in the CeO2 area (bottom). (c) Plan view EDS line profile for 
the La and Ce elements. 
It is now important to differentiate the effects of Ce doping and 
nanocolumn-induced strain on the electrical and magnetic properties. To learn about 
the Ce doping effect alone, two reference 100-nm-thick PFs were studied. The films 
were deposited using stoichiometric targets of La0.85Ce0.05Ba0.1MnO3 and 
La0.8Ce0.1Ba0.1MnO3. The growth condition was exactly the same as the 
nanocomposite and plain films in Fig. 5-11. A 100 nm thickness was chosen to 
eliminate additional epitaxial strain effects from the substrate. 
As shown in Fig. 5-13 (a), CeO2 is observed only in the XRD scan of the 
La0.8Ce0.1Ba0.1MnO3 film but is not present in La0.85Ce0.05Ba0.1MnO3. Hence, this 
indicates that the effective Ce doping level in our VAN films is between 5 and 10%. 
This is in agreement with the estimated Ce doping level from the EDS data, which is 
consistent with the limited solubility of Ce into the parent LaMnO3 phase
216,217
. On 
the other hand, the reported solubility of La in CeO2 is very high
218
. This explains our 
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observed Ce doping level in LBMO being lower than the level of La in CeO2. 
The R-T curves of the 100 nm PFs (with Ce doping ratio varying from 0 to 5% and 
10%) are shown in Fig. 5-13 (c), and a 110 nm NC is shown in Fig. 5-13 (d). The 
~100 nm films show similar R-T behavior as the ~46 nm films: the metallicity and TM 
(~224 K) is maintained in the PF while the NC remains insulating. 
 
Figure 5-13. (a) Comparison of the XRD 2θ-ω scans for the La0.9Ba0.1MnO3 PF, 
La0.9Ba0.1MnO3-CeO2 NC, La0.85Ce0.05Ba0.1MnO3 PF and La0.85Ce0.05Ba0.1MnO3 PF. (b) 
Magnetic transition of the La0.9-xCexBa0.1MnO3 (x=0, 0.05 and 0.1) PFs with a 
thickness of 100 nm. (c) Influence of Ce doping on the transport property of the 
La0.9-xCexBa0.1MnO3 (x=0, 0.05 and 0.1) plain films (PFs) with a thickness of 100 nm. 
(b) R-T curve of a 110 nm LBMO-CeO2 NC. 
From Fig. 5-13 (c), it is observed that compared to the LBMO film with no Ce 
doping, for Ce doping levels of 5% and 10%, TM is reduced by 7 K and 18 K, 
respectively. Tc is also reduced by a similar amount (Fig. 5-13 (b)). Also, the films 
become progressively more insulating with Ce doping, i.e. the resistance increases by 
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an order of magnitude for the 10% Ce doping cf. the undoped PF.  
The chemical/structural disorder caused by inhomogeneous Ce doping in 
manganites is well-known: it increases the overall resistivity (resistance), but the 
disorder alone cannot well explain the decrease in TM/Tc that we observe
219,220
. On the 




 doping on the La site (or on La vacancy sites) induces a 
charge imbalance on the A site, the B site Mn valence changes also, i.e. the amount of 
Mn
4+
 decreases, which reduces the DE coupling and thus TM/Tc, and also increases the 
overall resistivity (resistance). This charge compensation should be a stronger reason 
for the observed change in the resistive/magnetic behavior.  
5.3.3 The influence of Ce doping on DE coupling: defect equations  




) doping of LBMO reduces the DE coupling and 
metallicity (Fig. 5-13 (c)) in the PFs, we consider defect equations (using Kröger–
Vink notation)
221
. We first consider the defect chemistry of the parent film, 
La1-xBaxMnO3. Ba
2+
 on the La
3+
 site donates holes which are compensated for by the 
generation of Mn
4+





is the origin of the DE coupling, and ferromagnetism/conduction in manganites: 
LaLa
x
 + BaO = BaLa
′  + h• + 
1
2
O2                    (5-3)  
MnMn
x  + h• = MnMn
•                              (5-4)  
where LaLa
x  represents a La
3+
 ion on a La site, and MnMn
x  and MnMn





 on the Mn site, respectively. Hence, for every Ba ion doped on the La 
site in LBMO, one Mn
4+
 ion is created.  
For low Ba doping levels as we have here (x=0.1), a weak level of DE interaction is 
induced which competes with the SE interactions, resulting in an overall FMI
215
. For 
manganite films, on the other hand, cation (both La and alkaline earth) vacancies are 
prevalent
212
 due to the sensitivity of manganites to oxidation atmosphere. Hence, 
under the growth conditions, cation-deficient LBMO is more stable than the 
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La2O3 + 3h•                   (5-5)         
3MnMn
x  + 3h• = 3MnMn
•                            (5-6)  
where VLa
′′′ represents a La vacancy on a La site. 




 doping of the La 
vacancies occurs as a consequence of chemical equilibrium. Two possibilities exist:  
(a) Ce exists as Ce
3+
, and 3 electrons are generated by filling the La
3+
 vacancies, and 













 O2 + 3e′                           (5-7)  
3MnMn
• +  3e′ = 3MnMn
x                             (5-8) 
The reduction of the Mn
4+
 concentration will reduce the DE coupling. 
(b) Ce exists as Ce
4+
, and 4 electrons are generated by filling the La vacancies. Again, 




. Even more Mn
4+
 
is reduced compared to the case of Ce
3+
, and then the DE is further weakened. 
VLa
′′′ + CeO2 = CeLa
• + O2 +4e′                      (5-9)   
4MnMn
•  + 4e′ = 4MnMn
x                         (5-10) 
The overall result of Ce doping on the cation-deficient LBMO, as discussed above, 
is a decrease in both the Tc and TM, which ultimately produces LBMO films that 
maintain the FMI behavior. Hence, the reason that Ce doping increases the resistivity 
(resistance) and decreases the TM (Tc) of both the Ce-doped reference PFs in Fig. 5-13 
and the NC films in Fig. 5-11 (b) is understood.  
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5.3.4 A structural origin: vertical strain 
It is notable that the form of R-T curves of the 100 nm Ce-doped reference PFs (Fig. 
5-13 (c)) are very different from the 100 nm NC film (Fig. 5-13 (d)). There is a clear 
I-M transition in the former (just as there is in other PFs) but not in the latter NC. We 
also note that Tc of the 100 nm La0.8Ce0.1Ba0.1MnO3 (10% Ce doping) reference film 
is 195 K, which is 13 K higher than the 110 nm NC (Fig. 5-13 (b)). These results 
indicate that Ce doping of the PF reduces the DE coupling, but does not eliminate it 
and so the FMI properties cannot be maintained by Ce-doping alone. It is clear, 
therefore, that while Ce-doping reduces the DE effect, strain engineering in the NC 
films adds a further and more significant structural tuning effect. 
To understand the vertical strain effect on the electrical and magnetic properties of 
the NC films further, we study how the strain of the NC films evolve with thickness. 
The 3D strain states of the NC and PF were analyzed using asymmetric reciprocal 
space maps (RSM) around the STO (103) peaks, as well as symmetric 2θ-ω scans 
near the STO (003) peaks, as shown in Fig. 5-14 and Fig. 5-15. Here two thicknesses 
~20 nm and ~40 nm were analyzed. The dashed lines show the trends of the lattice 
parameters with film thickness. The XRD data of a 100 nm PF and a 110 nm NC are 
also shown in Fig. 5-16 to support the analysis.  
 Strain state of the LBMO plain films 
It is clear from Fig. 5-14 that the PFs contain diffraction peaks from three phases: two 
tetragonal phases (A and A’) that are both ip strained by the STO, as observed by the 
same Qx positions in the RSMs of Fig. 5-14 (a), although some ip relaxation is 
observed in phase A’ at 100 nm thickness (Fig. 5-16 (a)). The other phase is a 
twinning phase, labeled T. A schematic film structure showing the location of three 
phases in the PFs is shown in Fig. 5-17 (a). For reasons explained below, we predict 
that A lies at substrate surface and is fully strained by it, and A’ lies above the initial A 
layer region, while the T phase starts to appear from a certain thickness (as discussed 
later).   
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Figure 5-14. (a) Asymmetric reciprocal space maps (RSM) around the STO (103) 
peak for the LBMO plain films (PF) with increasing thickness. (b) Symmetric XRD 
2θ-ω scans near the STO (003) peak for the LBMO PF. The blue shadowed area in (b) 
shows the range for the peak positions of reported bulk lattice constants of 
La0.9Ba0.1MnO3. (c) Selected area electron diffraction (SAED) pattern of the 100-nm 
LBMO PF. The yellow arrows show the spot splitting indicating the twinning. 
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Phase A has ip tension to match the STO substrate lattice parameter (3.905 Å), with 
a corresponding op compression. Hence, the (003) peak for A is at a higher angle than 
STO (003) in the 2θ-ω scan. This phase is likely cation deficient since its lattice 
parameter should be <3.905 Å, in order to achieve ip tension. Non-stoichiometry in 
thin manganites is a well-known mechanism for strain accommodation
47
. Hence, apart 
from oxidation-atmosphere-induced cation vacancies as in bulk samples, strain is an 
additional driving force for the cation vacancy formation observed here.  
For Phase A’, the (003) peaks of LBMO are at a lower angle than STO (003), which 
would suggest op tension of the A’ phase, at least if it were strained to the STO. This 
would mean it had larger lattice parameters than STO, indicating it to be more 
stoichiometric than A. It is likely that A’ is stable towards the upper part of the film 
and is more stoichiometric because it doesn’t need to change its stoichiometry so 
much to accommodate the substrate strain. The op lattice parameter of A’ expands 
rapidly with thickness, and reaches 3.923 Å when the thickness of the PF reaches 100 
nm (Fig. 5-16 (a)). 
It is noted that a wide lattice parameter (pseudocubic) range for La0.9Ba0.1MnO3 
bulk and films has been reported in the literature, from ~3.88 - 3.92 Å
185,186,202–205
, and 
this range is shown in Fig. 5-14 (b) and Fig. 5-16 (a). The range is consistent with 
variations in cation non-stoichiometry, with a smaller lattice parameter indicating a 
greater cation deficiency. The calculated lattice constants of the PFs range from 3.883 
Å (A phase) in the 21 nm PF (Fig. 5-14) to 3.923 Å (A’ phase) in the 100 nm PF (Fig. 
5-16 (a)). This is consistent with the range of lattice parameters reported for bulk 
LBMO, confirming again the susceptibility of LBMO (whether bulk or films) to 
non-stoichiometry and structural modulation. 
The T phase is characterized by a pair of twinning peaks (T) (Fig. 5-14 (a) and Fig. 
5-16 (a)), which indicates the presence of periodically tilted unit cells. Besides, 
diffraction spot splitting is observed in the SAED patterns in the film part (illustrated 
by yellow arrows in Fig. 5-14 (c)), which additionally proves the existence of the 
twinning phase
222
. Periodic octahedral tilting of the MnO6 octahedra occurs in 
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manganites as an energy-efficient way to accommodate lattice mismatch strain
223,224
 
rather than conventional tetragonal deformation or stoichiometry change. The T phase 
is not constrained by the STO lattice ip, as determined by the Qx peaks for T being at a 
different position to the STO peak in the RSM of Fig. 5-14 (a). Hence, the T phase is 
towards the upper region of the film
225
, as we predict A’ to be also.   
The fact that the rapidly changing lattice constant of the A’ phase has little influence 
on the Tc indicates that the T phase has the most dominant effect on the magnetic and 
transport properties of the PFs. The presence of the T phase in all PF films in the 
upper region explains the almost constant TM (Tc) with film thickness in the PFs 
(recall Fig. 5-11 (a) and (c)). Extensive studies have shown that twinning is one 
mechanism for partial or total relaxation to the bulk lattice structure
223
 and the 
twinning starts to appear above a certain thickness
225
. Therefore, for the PFs studied 
here, for the same or very similar levels of relaxation in the T phase, no matter if it is 
a partial or total relaxation, the TM (Tc) will stay almost constant. 
 Strain state of the LBMO-CeO2 nanocomposites 
Now we turn to discussing the phases and strain states of the NC films. From the 
RSMs and 2θ-ω scans (Fig. 5-15), we observe only one homogeneous LBMO phase 
with a sharp (103) or (003) x-ray peak, which somewhat overlaps with the STO (103) 
or (003) peak. This contrasts to the inhomogeneous phases observed in the PF.  
All the films are ip strained by STO as observed by the same positions of the 
centers of the (103) peak Qx values in Fig. 5-15 (a). In the thin NC films (23 nm), 
similar to the case of phase A in the PFs, vertical op compression results, as observed 
by the shoulder peak on the right hand side of the STO (003) peak, i.e. at higher 2θ in 
the 23 nm NC in Fig. 5-15 (b). The op compression is caused by the epitaxial ip 
tension induced by the STO substrate (a= 3.905 Å) on the smaller lattice parameter of 
La0.9-xCexBa0.1MnO3. Even though Ce filling of La vacancies tends to enlarge the 
LBMO lattice (c= 3.900 Å in the 23-nm NC, as compared to 3.883 Å of the A phase 
in the 21 nm PF), the lattice is still smaller than the vacancy-free La0.9Ba0.1MnO3 bulk 
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(a=3.92 Å), because the Ce
n+
 (n=3 or 4) has a smaller ionic radius than La
3+226,227
. 
With increasing the thickness, i.e. for the 46 nm film, as observed by the shoulder 
peak shifting to the left hand side of the STO (003) peak in Fig. 5-15 (b), the vertical 
strain state in LBMO is switched from op compression to op tension. Owing to the 
vertical clamping of the op lattice parameters by the CeO2 nanocolumns, there is no 
elastic compensation of strain in the op direction as there is in the phase A of PFs.  
 
Figure 5-15. (a) Asymmetric reciprocal space maps (RSM) around the STO (103) 
peak for the LBMO-CeO2 nanocomposite (NC) films with increasing thickness. (b) 
Symmetric XRD 2θ-ω scans near the STO (003) peak for the LBMO-CeO2 NC films. 
A schematic diagram of the NC film strain state is shown in Fig. 5-17 (b) shows the 
strain tuning of the NC films. We note that for a >100 nm film thickness, the vertical 
tension stabilizes and saturates while the ip strain remains the same (Fig. 5-16 (b)) 
since it is controlled by the substrate.  
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The op lattice parameters of the LBMO phase in the NC films are extracted by 
profile fitting of the 2θ-ω scans of Fig. 5-15 (b). The estimated op lattice parameter, c, 
changes from 3.900 Å (23 nm) to 3.910 Å (46 nm). For the 46 nm film, the op strain 
is increased by 0.25 % compared to the 23 nm film where the substrate controls the 
film strain state. The slight strain increase is significant for reducing the DE coupling 
in lightly doped LBMO, as discussed later. 
 
Figure 5-16. RSM around STO (103) and XRD 2θ-ω scans around STO (003) of (a) 
100 nm PF and (b) 110 nm NC. 
The strain state in the NC film is very different from the PF because in the PF a 
combination of different LBMO phases is formed for strain relaxation. In the NC film, 
on the other hand, vertical epitaxy between the sub-5 nm wide LBMO regions with 
the CeO2 scaffold locks the strain vertically and laterally and, very importantly, makes 
it more uniform. We also note that the lateral width of the LBMO between the 
nanocolumns is below the reported minimum size (~20 u.c.) for the formation of the 
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twinning domains in manganites
223
, and this therefore precludes their formation.  
 
Figure 5-17. (a) Illustration of the phase coexistence in the PF. A lighter color 
corresponds to a larger lattice constant. The illustrated thickness regions are not to 
scale. (b) Illustration of strain tuning in the LBMO-CeO2 NC films when the thickness 
is increasing. A lighter color corresponds to a larger lattice constant.  
5.3.5 The influence of VAN vertical strain on the DE coupling 
We now analyze the connection between the strain and physical properties in the NC 
films. As discussed above, the Tcs of the PFs stay at around 212 K, which are higher 
than the bulk, owing mainly to non-stoichiometry effects, and we hypothesize that the 
T phase lies towards the film surface and dominates the measured Tc (TM). Here it is 
not possible to determine the exact c for the T phase from the 2θ-ω scans, because the 
tilting of twin domains prevents accurate measurement of c. For the NC films the 
average LBMO op lattice constant tends to increase with thickness. At the same time, 
Tc decreases from 201 to 188 K, mirroring the rise in c, indicating that a stretch of the 
LBMO lattice reduces the DE coupling. Similarly, a sharp reversible dependence of Tc 
on c-axis was shown in previous work via He ion implantation in La0.7Sr0.3MnO3 thin 
films
228
. As previously discussed in Chapter 5.1.1, epitaxial strain in manganites 
influences the Mn 3d eg electron orbital occupancy or the Mn-O bond
40,161,163,228
. It is 
known that Tc in hole-doped manganites is determined by DE interactions which are 
directly related to the transfer integral between neighboring Mn ions through the 





In the NC films, c expands with increasing thickness while a axis remains 
unchanged, leading to an increase in the c/a ratio. A low c/a ratio (<1) is reported to 
enhance the electron occupancy of the ip 𝑑𝑥2−𝑦2 orbital, which enhances the DE 
coupling and induces metallicity in lightly doped LBMO
185
. A high c/a ratio, on the 
other hand, is more favorable to the preferential occupancy of the 𝑑3𝑧2−𝑟2 orbitals 
rather than the 𝑑𝑥2−𝑦2 orbitals, leading to a reduction of the ip DE hopping integral 
t
228
, and to reduced DE. We recall that a 0.25% op strain increase was achieved in the 
46 nm film compared to the 23 nm film. The corresponding c/a ratios are 0.999 and 
1.001, which explains the much reduced DE coupling in the 46 nm film. 
It is also worth noting that LBMO is fully ip strained by the STO and hence a 
tetragonal phase is maintained irrespective of thickness. If one assumes that the Mn-O 
bond angle θ of the tetragonal phase is unchanged
229
, for a constant θ with thickness, 
the DE hopping integral, t, as defined by equation (5-2) will reduce with film 
thickness because the op bond length, d, increases. This is also consistent with the 
reduced DE coupling in the thicker films. 
Previously, independent c and a straining has not been achieved in lightly doped 
lanthanum manganites. Also, uniform straining to induce a single-phase manganite 
has not been demonstrated. However, both these factors are critical for maintaining 
the FMI properties in thin films. It is clear from Fig. 5-14 that uniform straining in 
PFs is not possible merely via substrate strain engineering as strain relaxation and 
multiple phases are formed. As for bulk, mechanical and chemical pressure 
engineering of the structures have been undertaken but both these produce hydrostatic 
straining. Neither can be applied to thin films. Also, by those methods c and a cannot 
be independently tuned. On the other hand, the VAN method for straining enables 
precise tuning of the Tc of LBMO by expanding the c without reducing the a, 
resulting in an enhanced c/a ratio, and thus giving a novel way to carefully tune the 
DE coupling.  
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5.3.6 Conduction mechanisms and structural correlations 
Having probed the compositional and structural origin for the modified DE coupling 
in the LBMO-CeO2 NC films, we next turn to analyze and understand in detail the 
electrical properties and focus on the films with ~40 nm thickness. This analysis was 
be done by fitting the ρ-T curves (R is converted to ρ using equation (3-20)) to the 
conduction mechanisms discussed in Chapter 2.1.2. The results are shown in Fig. 
5-18.  
 
Figure 5-18. ρ-T fitting with different conduction mechanisms for (a) the 42-nm-thick 
LBMO PF and (b) the 46-nm-thick LBMO-CeO2 NC. 
For T>TM (Tc), the electrical conduction can be fitted by a small polaron hopping 
(SPH) model
18
 given by equation (2-18): ρ(T) = AT𝑒
𝐸𝐴
𝑘𝐵𝑇. EA is the activation energy, 
which is related to the height of the potential barrier and can be used to evaluate the 
high temperature resistive behavior. The SPH fitting gives an EA of 109 meV and 116 
meV for the PF and NC, respectively, indicating a higher potential barrier in the NC, 
which is consistent with the more insulating nature of the LBMO in the NC. 








 provides the best fit
230
. T0 is related to the density of states at the Fermi 






 which reflects how 
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bulk La0.9Ba0.1MnO3 is used
231
. The ξL value obtained from VRH fitting are 0.45 and 
1.33 nm, respectively, indicating that the PF is more structurally disordered at low T 
due to the existence of inhomogeneous phases. The calculated ξL in the NC film is 
smaller than the average size of LBMO matrix (~ 3–5 nm) between the CeO2 
nanocolumns, indicative of an intra-grain conduction mechanism
73
 instead of the 
scattering from the LBMO/CeO2 boundaries.  
5.4 Nanoengineering LBMO from a ferromagnetic insulator to a 
ferromagnetic metal via self-assembled modulation of the lateral 
size 
As presented in Chapter 5.3, the FMI property of LBMO can be maintained via VAN 
doping and strain. In device applications, the FMM property of manganite is also 
desired. The VAN tuning opens up a large study area to expand the tunability of 
manganites (i.e. from FMI to FMM), this being promoted by the sensitive nature of 
La0.9Ba0.1MnO3 to external stimuli. Thickness tuning in VAN usually has some 
limitations as revealed in Chapter 5.3, while other growth parameters, such as growth 
temperature and growth rate, may enable a larger tunability by changing the 
self-assembly kinetics.  
In this section, the thickness of the LBMO-CeO2 NC films is kept at the optimal 
thickness (~46 nm). We show that the Tc and metallicity of LBMO are tuned much 
more remarkably by varying the growth temperature (690℃, 720℃, 750℃ and 
800℃ ) and then the origins are discussed. To eliminate the effect of growth 
temperature alone, 3 reference LBMO PFs (with the growth temperature 690℃, 720℃ 
and 800℃) were also prepared. 
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5.4.1 Tuning the physical property of LBMO via the VAN growth 
temperature 
As shown in Fig. 5-19 (a) and (c), all the PFs show a clear I-M transition at around 
221 K, and growth temperature alone has little influence on the TM. Meanwhile, the Tc  
(defined as the temperature where dM/dT reaches the maximum) is almost constant at 
around 213 K. In contrast, the NC has a tendency to evolve from a ferromagnetic 
metal (FMM) to a ferromagnetic insulator (FMI) when the growth temperature is 
decreased from 800 to 690 ℃, as illustrated by the dashed arrow in Fig. 5-19 (b) and 
(d). The extrapolated Tc value, as shown in Fig. 5-20 (a), has a large drop (> 55 K), 
and changes from lower to higher than that of the PFs.  
 
Figure 5-19. Growth temperature-dependent ρ-T curve for (a) the PF and (b) the NC. 
Growth temperature-dependent M-T curve for (c) the PF and (d) the NC. The applied 
magnetic field was 200 Oe. 
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Figure 5-20. Comparison of Tc between the PF (open squares) and NC (closed 
squares) with changes in growth temperature.  
As discussed in Chapter 3.1.2, growth temperature has a strong influence on the 
diffusion length of the VAN constituent phases, which results in the modification of 
self-assembly kinetics in composite films and this modification is absent in 
single-phase films. Therefore, the drastic tuning of Tc in the NCs as opposed to the 
stable Tc in the PFs is indicative of a strong modification of the DE coupling due to 
structural modification. In the following discussions, the origins will be illuminated 
by studying the microstructure and electronic structure.    
5.4.2 Microstructure evolution with varying the VAN growth 
temperature: modulation of the lateral size 
In VAN films, it is assumed that each nanocolumn blocked by the matrix can be 
regarded as an independent single crystallite (called a mosaic block) with a certain 
vertical/lateral length and mosaic spread, and each mosaic block coherently scatters 
the x-ray
232
. This applies similarly to the matrix phase which also has a limited size. 
As illustrated in Fig. 5-21, the coherence length L of each phase is correlated to the 
mean extension of the crystal lattice regions (i.e. the average geometric size of the 
nanocolumn or the matrix), and the mosaic spread/tilt angle α is a reflection of the 
misorientations of the phases perpendicular to the film surface
50
. In VANs, the 
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evolution in L and α are two unique parameters that depend strongly on the growth 
conditions
50,83
. As reported previously, a higher growth temperature is favorable for a 
larger lateral size
38,208
, while misorientations can be reduced by choosing a proper 
growth temperature
233,234
. Therefore, studying these two structural parameters would 
be helpful for finding out the dependence of structural evolution on the growth 
temperature.  
 
Figure 5-21. Schematic diagram showing the correlation between coherence length 
(L), and tilt (α).  
 Fitting the column size and tilt using the Williamson-Hall plot 
As discussed in Chapter 3.2.1, limited size (L) and misorientations (α) contribute to 
the broadening of the symmetric ω rocking curves. By combining equations (3-2)–




Δs = 𝛼. 𝑠 + 
1
𝐿
  (for Lorentzian peak)                               (5-11) 
Δs2 = 𝛼2s2 + 
1
𝐿2




 is the scattering vector and Δs= 𝛽
2𝑠𝑖𝑛𝜃
𝜆
 is the broadening in reciprocal 
space, β is the integral breadth (peak area divided by the height) of the ω rocking 
curve, θ is the diffraction peak position in the corresponding 2θ-ω scan, α is the tilt 
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angle, L is the coherence length of the phase, λ is the x-ray wavelength (λ=1.54 Å is 
used here).  




) relationship as a 
function of the reflection order), the y coordinate intercept is taken to be the 
reciprocal of L (or 𝐿2) while the slope is equal to α (or 𝛼2)89. The influence of 
growth temperature on the lateral size and tilt of the CeO2 phase was studied. ω 
rocking curves were conducted on all the NC samples, and the W-H fitting plots are 
shown in Fig. 5-22 (a) and (b). Assuming Pseudo-Voigt peak profile, the results of 
peak fitting for both the Lorentzian and Gaussian shapes are quoted because the shape 
factor (Lorentzian: Gaussiaon ratio, defined as a function of the FWHM/𝛽 ratio) for 




Figure 5-22. Williamson-Hall plots for the CeO2 phase in the LBMO-CeO2 NC films 
grown at different temperatures: (a) Lorentzian peak fitting and (b) Gaussian peak 
fitting.  
The extrapolated column size dC of the CeO2 phase, as shown in Fig. 5-23 (a), 
increases with the increase in growth temperature, indicating a nucleation-and-growth 
mode
38
, where dC is proportional to the diffusion length LD given by 
LD ≈ 2√𝐷𝜏                                    (5-13) 
     5.  Tuning the physical properties of La0.9Ba0.1MnO3 using the La0.9Ba0.1MnO3 –CeO2 VAN 
167 
Here τ is the diffusion time. D is the diffusion coefficient
38





𝑘𝑇                                    (5-14) 
where D0 is a pre-exponential factor, EA is the activation energy, k is the Boltzmann 
constant, and T is the temperature. When the deposition time and laser repetition rate 
are constant, the diffusion time τ is constant, and thus the CeO2 column size dC 











is consistent with the nucleation-and-growth mode.   
 
Figure 5-23. The plot of (a) the CeO2 coherence length (column size dC) with 
increasing the growth temperature. The average column sizes measured by TEM, 
AFM and SEM are included. (b) Temperature-dependent fitting of the calculated 
CeO2 column size based on the nucleation and growth mode.  
The fitted tilt angle, as shown in Fig. 5-24, decreases first and then remains almost 
constant with increasing the growth temperature, which indicates that a higher growth 
temperature tends to generate a better crystal quality and less misorientation. 
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Figure 5-24. The plot of mosaic spread (tilt angle) of the CeO2 phase with the change 
in growth temperature.  
 Confirming the column size evolution using SEM and AFM 
 
Figure 5-25. Scanning Electron Microscope (SEM) image of the LBMO-CeO2 NC 
grown at (a) 720℃ and (b) 800℃. 
The extrapolated column size of the NC sample grown at 720℃ (7.5 nm for Gaussian 
fitting and 10.6 nm for Lorentzian fitting) is in agreement with the average size 
obtained from TEM (6~10 nm, Fig. 5-7). This consistency is further confirmed by 
comparison with the experimental results obtained from Scanning Electron 
Microscopy (SEM) and Atomic Force Microscopy (AFM). As shown in Fig. 5-25 (a), 
the CeO2 columns of the sample grown at 720℃ have a round shape and are densely 
distributed inside the continuous LBMO matrix network, and the columns have a very 
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uniform size. This structure layout is consistent with the plan-view STEM shown in 
Fig. 5-7 (b). In comparison, the columns of the sample grown at 800 ℃ (Fig. 5-25 
(b)) tend to become more square-shaped, with the in-plane 45
o
 rotation and 
orthogonal alignments being more clearly seen. The columns have a larger average 
size and the distribution is more sparse, leaving larger spaces for the LBMO matrix.  
Fig. 5-26 shows the AFM surface topography of the four NC samples, where a 
simultaneous increase in the column (illustrated by the white circles) and matrix size 
is observed with the increase in the growth temperature.  
The average column sizes obtained from AFM, SEM, and TEM are included in Fig. 
5-23 (a) to compare with the fitting results. The experimental and fitting results are 
consistent in trend, although the absolute values obtained from the AFM and SEM are 
larger than the TEM and fitting result. The overestimation of lateral size in AFM is 
well-known as “tip convolution”, which occurs when the feature size is comparable to 
or smaller than the AFM tip
237
. For SEM, “tip convolution” is also expected when the 
feature size is similar to the electron wavelength. The convolution and the nature of 
its 2-dimensional surface projection cannot reflect the real 3D size which may lead to 
overestimation of the lateral sizes of particles with blurred edges
238
. Despite the 
difference in absolute values, the fitting result of the CeO2 lateral coherence length 
shows a good agreement with the experimental CeO2 column size in trend (an 
increase in size with increasing growth temperature), which together verify the role of 
growth temperature on tuning the CeO2 lateral size.  
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Figure 5-26. Atomic Force Microscopy (AFM) topography image of the 
LBMO-CeO2 NC films grown at (a) 690 ℃ (b) 720 ℃ (c) 750 ℃ and (d) 800 ℃. 
Based on the above results, W-H plots exhibit several advantages compared to 
microscopy techniques for obtaining the column size:  
1. They are convenient and non-destructive. TEM is known to be the most accurate 
method for obtaining the size of each phase in a VAN. However, it is destructive to 
the sample and requires complex processes. In comparison, XRD is a more 
user-friendly and sample-friendly way to obtain structural information. 
2. They are accurate. The consistency between the fitting and TEM result in Fig. 5-23 
(a) confirms the accuracy of the W-H plots. Although the alternative non-destructive 
AFM and SEM can be used to replace TEM, the information obtained is less accurate. 
The W-H plots exhibit more accuracy, especially when the feature size is comparable 
or smaller (less than 10 nm) than the lateral resolution limitation of AFM and SEM.   
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 Schematic model of the simultaneous size evolution 
 
Figure 5-27. (a) 3D schematic illustration for the simultaneous change of column size 
(dC) and matrix size (dM) with increasing growth temperature and (b) the 
corresponding plan view.   
In the nucleation-and-growth mode, the change in the size of the nanocolumns is 
closely related to that of the matrix networks anchored among them. Since the matrix: 
column phase ratio is fixed, the only way to respond to a larger diffusion length is by 
simultaneously expanding the size of both phases. This is consistent with the trend 
shown in Fig. 5-25 and 5-26: when the column size is larger, the distribution is more 
sparse, which leaves more space for the matrix in between.  
In order to obtain a semi-quantitative relationship between the matrix size (dM) and 
column size (dC), we propose a simplified model of the simultaneous growth of 
matrix/column, which is illustrated in Fig. 5-27 (a) and stands for VAN structures in 
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general. For ease of calculation, we assume the columns have a square shape and the 
whole sample is also square. In the case where the columns are evenly distributed, the 
relationship between dM and dC is obtained using the corresponding plan view 
diagram in Fig. 5-27 (b), and can be expressed as:  
                   n*(dM + dC)
 






2                                   (5-16)
 
where x is the volume ratio of the column phase, n is the number of nanocolumns per 
row along the side of the whole sample, and DS stands for the lateral size of the whole 
sample. For simplicity, the structures with four integer numbers of n (5 to 2) are 
shown in the structural evolution process. Using equation (5-15) and (5-16), dC and 
dM are determined as below:  
                  dC = √𝑥* 
𝐷𝑆
𝑛
                                   (5-17) 
                 dM = (1 − √𝑥)* 
𝐷𝑆
𝑛
                               (5-18) 
When the volume ratio x is fixed, the two sizes change simultaneously in the 







                                  (5-19) 
In our NC films, the calculated CeO2 volume ratio (based on a LBMO:CeO2 molar 
ratio of 1:1) is 0.4, and therefore 
𝑑𝐶
𝑑𝑀
=1.72. This relationship is consistent with the 
STEM image in Fig. 5-7 (b), where the average LBMO matrix size is 3-6 nm and the 
CeO2 column size is 6-10 nm. Using equation (5-19), a linear relationship between the 
dC and dM is obtained, and the simultaneous increase in the column/matrix feature 
sizes with increasing the growth temperature (Fig. 5-25 and Fig. 5-26) is understood.  
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5.4.3 Correlation of the physical properties with the microstructure: 
modulation of the electronic band structure 
Having confirmed the direct correlation between the physical properties (taken the Tc 
as an example) and the lateral size of the CeO2 phase (more importantly, the LBMO 
phase), we turn to exploring the origin of this correlation. Recall Chapter 5.1.1, the 
tuning of Tc and metallicity are closely related to the tuning of the DE coupling which 
can be ascribed to either a compositional origin (change in band filling) or a structural 





 ratio caused by a progressive change in the Ce doping ratio in the 
LBMO phase. This origin can be directly eliminated, since the Tc evolution of the 
NCs crosses over that of the PFs, and the NCs grown above 750℃ have higher Tcs 
than those of the reference PFs (Fig. 5-19 and 20), which cannot be explained by Ce 
doping. Besides, due to the limited solubility of Ce in the LaMnO3 parent phase
216,217
, 
a saturation in Ce doping amount is expected (as discussed in Chapter 5.3) and thus a 
progressive change in the Ce doping in LBMO is unreasonable. Also, intermixing in 
VAN is always favored by a higher growth temperature
38
, based on which the 
postulated result is opposite to the result observed here. Therefore, even though Ce 
doping is deemed to exist in the NC films, it fails to explain the progressive tuning of 
the Tc and metallicity with the change in growth temperature. Instead, a structural 
origin should be a more dominant cause, i.e. a change in the bandwidth irrelevant to 
chemical substitution. The change in bandwidth can be studied by global structural 
characterizations (i.e. the change in Mn-O bond angle/length or orbital occupancy 
reflected by lattice parameters as discussed in Chapter 5.3) or direct, in-depth probe of 
the band structures. In this part of work, while precise determination of the lattice 
constant is difficult due to the close overlap of the XRD peaks between the film and 
substrate, a clear change in the electronic band structure is observed by using X-ray 
Photoemission Spectroscopy (XPS), as discussed below.  
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Figure 5-28. (a) X-ray Photoemission Spectroscopy (XPS) valence-band spectra of 
the LBMO-CeO2 NC films grown at different temperatures (on Nb:STO (001) 
substrates). (b) Near-Fermi Level (EF) spectra of panel (a). The red line shows the 
trend of the movement of the valence band maximum (VBM). 
Fig. 5-28 (a) shows the complete XPS valence band spectra of the NC films. The 
samples grown on Nb:STO (001) were used to minimize charge effects. As illustrated 
by the blue dashed lines, five structures can be identified and assigned to
239,240
: A: 
~1.32 eV: Mn 3d eg band, B:~2.40 eV: Mn 3d t2g band, C: ~3.66 eV: O 2p nonbonding 
band, D: ~5.29 eV: 3d t2g-O 2p bonding band, E: ~6.96 eV: 3d eg-O 2p bonding band. 
The Fermi level is illustrated by the black dotted lines.  
The valence band maximum (VBM) positions were determined by linear 
extrapolation of the leading edge of the valence band region to the extended baseline 
of the spectra
188
, as shown in the near-EF spectra (Fig. 5-28 (b)). When the growth 
temperature is lower, the VBM shifts towards higher binding energies and the density 
of states near EF is lower, indicating that the films are more insulating
188
, and this is 
consistent with the change in magnetic and transport properties (Fig. 5-19).  
The extrapolated VBM values are plotted in Fig. 5-29, which show an inverse 
correlation to the trend of the Tc values, the metallicity (the darkness of the shadow) 
and the CeO2 column size (obtained by Gaussian fitting). This indicates that the 
tuning of physical properties (i.e. the decrease in Tc and metallicity with decreasing 
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growth temperature) with the microstructure evolution (i.e. the decrease in the 
matrix/column size with decreasing the growth temperature) is correlated to a 
modulation of the Mn 3d electronic band structure (a higher shift of the VBM).  
 
Figure 5-29. Influence of the growth temperature on the valence band maximum 
(VBM) as a correlation to the change in CeO2 column size (dC), Tc and metallicity. 
The depth of shading represents the extent of the metallicity. XPS instrumental errors 
are shown as error bars on the VBM values. 
This modulation of physical properties with decreasing thin film dimension has 
been reported in plain manganite films or other perovskites and the origin is 
controversial, with nonstoichiometry, phase separation, octahedral deformation, 
modification of Mn-O bond and orbital occupancy being part of this
192–195
. In this 
work, the XPS results and its correlation to the physical properties are similar to the 
trend reported in SrVO3
241
 films, where a metal-insulator (M-I) transition was found 
with decreasing the thin film thickness, which was correlated to a higher shift of the V 
3d states located at EF (reflected as a higher shift of VBM). This 
dimension-crossover-driven M-I transition in perovskite oxides was ascribed to the 
reduction of the bandwidth and the emergence of a “pseudo” bandgap at EF due to the 
absence of density of states
241
, i.e. when the bandwidth equals to 0, a band gap forms. 
Therefore, we conclude here that the structural modulation of the physical properties 
in LBMO is correlated to the change of the Mn 3d eg electron bandwidth (rather than 
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band filling): with the decrease in growth temperature, the matrix/column size is 
decreased, which leads to a decrease in the effective coordination number of Mn and a 
“pseudo” bandgap and reduction in the bandwidth results
241
. Since the doping effect is 
excluded here, the only possible origin for the reduction in the bandwidth could be a 
modification of the Mn-O bond or orbital occupancy as discussed in Chapter 5.1.1. 
The reduction in the bandwidth essentially reduces the DE coupling, which explains 
the decrease in Tc and the transition from a FMM to a FMI observed in the 
LBMO-CeO2 VAN. For more detailed information on bandwidth, other supporting 
proofs are needed, such as the O K-edge X-ray Absorption Spectroscopy (XAS) 
which helps to get a more comprehensive picture of the valence band spectra, and 
DFT calculation which helps to get theoretical proofs.  
This is the first time that a “dimension cross-over” effect in a lightly-doped 
manganite is realized by modulating the self-assembled kinetics of VAN through 
growth temperature (instead of by varying the phase ratio reported previously
72
). This 
dimension modulation enables highly tunable physical properties, and more 
importantly, the mechanism is probed on a fundamental level, i.e. the tuning of the 
electronic band structure.  
As mentioned in Chapter 2.2.2, FMM and FMI are both important components in 
MRAM and spintronic devices. In a spin filter device, a FMI acts as the spin filtering 
layer while a FMM serves as the detection layer for the filtered spin. Integration of 
FMM and FMI within one device using the same material and composition is 
intriguing, as this can ease the fabrication process and improve the structural 
compatibility between device components. This work initiates a direction which 
leaves more space to study. One effort needed is to reduce the thickness of the FMI 
component required for spin filter devices. 
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5.4.4 Influence of the microstructure evolution on the 
magnetotransport property 
The self-assembled VAN structure is an intriguing medium for studying the 
magnetotransport property due to the existence of the second phase and phase 
boundaries. It has been reported that a change in the column/matrix phase ratio in 
VANs leads to a change in the low field magnetoresistance (LFMR) due to the 
modulation of grain boundary tunneling
63,242
. A general trend is an increase in the 
LFMR with an increase in the phase ratio of the insulating column, which favors 
electron tunneling under magnetic fields. As an alternative way, when the column 
phase ratio is fixed, a simultaneous change in the column/matrix size should also 
produce similar effects on the magnetotransport. In this section, a switching of the 
dominant MR mechanism is found with changing the nanocolumn/matrix size. 
To study the MR effect of the four NC films, R–T curves were measured with (9 T) 
and without (0 T) a magnetic field, as shown in Fig. 5-30. The data of two reference 
PFs (grown at 720℃ and 800℃) are shown in Fig. 5-31. In both the PFs and NCs, 
the magnetic field brings about a negative MR (
𝑅9𝑇−𝑅0𝑇
𝑅0𝑇
<0) as well as an increase in 
the TM. In the CMR mechanism, this is because the application of a magnetic field 
favors the alignment of spins and DE electron hopping, which is more sensitive near 
the phase transition temperature (Tc)
168
. The extrapolated MR values at different 
temperatures are summarized in Fig. 5-32. Here the MR is defined as 
𝑅0𝑇
𝑅9𝑇
. The MR 
maximum (as marked by the arrows) of the NC films grown at 720℃, 750℃ and 800℃ 
appear at 175 K, 200 K and 225 K, respectively, which are close to the corresponding 
Tcs, and the maximum MR values of these three VANs are on a similar level (between 
5 and 6). Therefore, the magnetotransport of these films are dominated by the intrinsic 
CMR effects. A slight upturn of the MR value is observed below 75 K in the VAN 
grown at 720℃, and thus upturn is absent in the other two VANs. Interestingly, the 
MR of the VAN grown at 690℃ monotonously increases with the decrease in 
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temperature and is >40 below 25 K. Under such a high magnetic field (9 T), an 
intrinsic MR is expected. However, unlike the other three NC films, no MR maximum 
is observed in this film around the Tc (~170 K), although an inflection point is shown 
at around 125 K (marked by the black arrow in Fig. 5-32). This inflection is likely 
from the contribution of the intrinsic CMR effect, which is, however, largely 
surpassed by another larger MR effect with the decrease in temperature.  
 
Figure 5-30. Magnetoresistance of the LBMO-CeO2 NC films grown at different 
temperatures. (a) 690℃, (b) 720℃, (c) 750℃ and (d) 800℃. The applied magnetic 
field was 9 T and parallel to the surface of the films. 
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Figure 5-31. Magnetoresistance of the LBMO PFs grown at (a) 720 ℃ and (b) 
800 ℃. The applied magnetic field was 9 T and parallel to the surface of the films. 
In comparison to the NCs, all the LBMO PFs show a typical CMR (as plotted in 
Fig. 5-32 (b)), with the maximum MR shown at a constant temperature (around 225 K) 
irrespective of the growth temperature, and the MR values being much smaller at 
other temperatures, especially at low temperatures. This precludes any contribution 
from the growth temperature alone on the observed huge change in the 
magnetotransport properties of the NCs discussed above.  
In the light of the above results, when the growth temperature is decreased, the 
dominant magnetotransport mechanism (which gives the MR maximum) in the NC 
films is the result of competition between different mechanisms and has a tendency to 
switch from intrinsic CMR to extrinsic effects. This unique effect in the NC is closely 
correlated to the decrease in the lateral size of the two phases, as similar results have 
been reported in polycrystalline La0.67Ca0.33MnO3 (LCMO) bulk samples: when the 
grain size is reduced, the intra-grain CMR is replaced by inter-grain MR whose 
maximum is unrelated to Tc
167
. The phase boundary in the LBMO-CeO2 VAN is 
similar to the grain boundary in polycrystalline LCMO. As discussed in Chapter 5.3, 
the intrinsic conduction mechanism of the LBMO phase at low temperature follows 
the VRH model, where the localization length ξ of the LBMO phase reflects the 
conduction length scale at low T. When the average LBMO matrix size dM is 
comparable to the localization length ξ, while the phase boundary and the insulating 
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CeO2 phase may have no contribution to intrinsic conduction in the absence of a 
magnetic field, they should act as effective tunneling barriers when a magnetic field is 
applied, and the spin-dependent tunneling has a high tendency to occur with the 
assistance of the magnetic field. This is similar to the TMR effect in granular systems 
or ferromagnetic tunneling junctions
72,168
: with a magnetic field applied, the 
alignment of the spins in the adjacent LBMO domains favors electron tunneling 
through the insulating CeO2 barrier, which provides another route for current 
conduction.  
 
Figure 5-32. Summary of the magnetoresistance (
𝑅0𝑇
𝑅9𝑇
) values with varying the growth 
temperature: (a) the LBMO-CeO2 NCs and (b) the LBMO PFs.   
When the CeO2 insulating barriers are thinner and more densely embedded in the 
LBMO matrix (corresponding to the cases where the LBMO and CeO2 phases have 
smaller lateral sizes), the electron tunneling barrier height is reduced and the resulting 
tunneling probability is higher, as tunneling under a magnetic field can result in a 
much smaller conduction electron path
63,72,138,242
. At temperatures well below Tc, the 
CMR effect is weak and the electron conduction is controlled by VRH hopping. At the 
same time, spin alignment is more favorable under the application of a magnetic field. 
Thus the TMR effect in the vertical LBMO/CeO2/LBMO junctions can contribute 
more strongly to the magnetoresistance
72
 which results in a monotonous increase of 
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the MR with decreasing the temperature. This is the case for the NC film grown at 
690℃.On the other hand, when dM is much larger than ξ, the existence of the phase 
boundary and second phase has little contribution to the tunneling effect at low T as 
the tunneling barrier is high, and intragrain conduction is more favorable, therefore 
only an intrinsic CMR effect is exhibited. This is the case for the NC films grown at 
≥ 720℃.  
The above results indicate that tuning of lateral feature size is a new and more 
convenient way of tuning the physical properties of VANs and for the design of 
memory devices using different MR mechanisms simply through self-assembled 
dimension control.  
5.5 Summary 
In this chapter, we have made use of the sensitive nature of lightly-doped manganite 
to external stimuli to nanoengineer the functionality of LBMO using VAN approaches 
by controlling the composition, strain, dimensionality and self-assembly dynamics, 
which are otherwise hard to achieve in single-phase plain films.  
First, a long-standing problem that the FMI properties in the bulk of lightly-doped 
manganites are difficult to be maintained in thin films has been addressed, and we 
suggest one way to overcome this problem: via VAN doping and strain. The films are 
engineered to reduce the unwanted DE coupling shown in plain LBMO films and 
maintain the FMI property by embedding CeO2 nanocolumns which provide 
homogeneous vertical strain and light Ce doping to fill in cation vacancies. These 
provide new routes to tuning high-performance spintronic and multiferroic devices.  
Then, by changing the growth temperature of the LBMO-CeO2 VAN films, the 
LBMO phase can be tuned from a FMI to a FMM, which is related to the 
simultaneous tuning of the lateral size of the CeO2 and LBMO phases, and this 
dimensional change is mediated by the growth kinetics of the self-assembly process. 
The structural tuning of physical properties is correlated to a shift of the valence band 
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maximum detected by XPS, and modulation of the Mn 3d eg bandwidth is suggested 
as the origin. This versatile tuning approach provides a new route to creating a broad 
spectrum of applications for manganite thin films, ranging from spin filtering to spin 
detection layers in MRAM and spintronic devices. Besides, a study on the 
magnetotransport reveals a transition from intrinsic CMR to extrinsic TMR effect 
with a decrease in the column (and matrix) size, which provides a new way to design 
memory devices using different MR mechanisms.  
Compared to PFs, multilayers, or superlattices which need artificial design, the 
VAN structure shows a much improved capability to tune physical properties because 
of its unique structural configuration and the highly tunable self-assembly kinetics. 
The tuning of column size also exhibits superior capability than changing the phase 




Chapter 6   Growth of the 
La0.9Ba0.1MnO3–ZnO VAN and study on the 
electric field tuning of magnetic properties 
 
In this chapter, a new magnetoelectric candidate system, the manganite-ZnO VAN, is 
studied. This chapter begins with an introduction on magnetoelectric effects, the 
limitation in conventional planar structures and the advantage for the VAN structure 
to realize magnetoelectric effects, based on which the materials system is selected as 
the La0.9Ba0.1MnO3-ZnO VAN. Part two discusses the growth of LBMO-ZnO VAN on 
different Nb:STO substrates and it is found that when grown on Nb:STO (111), an 
enhanced resistive switching effect is shown and the leakage current can be controlled. 
Then part three presents results on in-situ electric field tuning of magnetic properties 
of this sample. The M-H curves and the remanence are tuned by applying electric 
fields at a low temperature (10 K). The possible origins for the magnetic modification 
are discussed rationally, which include Joule heating, piezoelectric strain, 
current-induced induction field and charge trapping/detrapping effects related to the 
resistive switching effect (which is found to be the most likely mechanism for a 
hysteretic tuning of the remanence). All of these effects are correlated to the existence 
of the ZnO phase. In this work, I made the films and collected all the data. 
6.1 Literature review 
It has long been believed that alteration of the properties of magnetic materials is 
difficult once they have been produced. However, in strongly correlated systems, 
lattice-spin-orbital-charge coupling makes this possible
243
. As discussed in Chapter 
2.2.2, magnetoelectric (ME) coupling provides a low power consumption route for the 
data to be written in magnetic storage devices
36
 and is also useful in devices where 
multiple spin and charge signals are used to carry information
244
. To date, 
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single-phase ME candidates, such as Cr2O3, EuTiO3 are fascinating, but most of them 
are limited by their low Curie Temperature or weak coupling effects, which hinders 
their implementation in practical applications
244,245
. The search for single-phase 
multiferroic materials is also constrained by the mutually exclusive nature of 
ferromagnetism (FM, requiring unpaired electrons coming from partially filled d 
orbitals) and ferroelectricity (FE, requiring off-center distortion, which is reduced by 
d electrons)76,246. In composites, these constraints are much lifted, as the ME coupling 
arises from interfacial coupling between the constituent phases
245
. This provides a 
platform for engineering and designing of optimal properties by varying composite 
combinations and configurations.  
6.1.1 Magnetoelectric (ME) coupling mechanisms in composites 
 
Figure 6-1. Schematic diagram showing the magnetic parameters that are amenable to 
modulation as a consequence of strain, charge modulation and/or exchange bias. (K, 
M, and J stand for the magnetic anisotropy constant, the saturation magnetization and 
the exchange constant respectively.) 
This chapter studies on the tuning of magnetic properties via electric fields, often 
defined as the converse ME effect. According to Vaz et al.
244
, in composite structures 
(nanostructured composites or thin film heterostructures), ME coupling can be 
realized through the modulation of the magnetic anisotropy constant K, the saturation 
magnetization M and the exchange constant J via strain coupling, charge doping 
and/or exchange bias, as illustrated in Fig. 6-1.  
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1. Strain. Strain coupling is an indirect way to achieve ME effects, where the 
converse piezoelectric (or electrostrictive) effect of a piezoelectric (or electrostrictive) 
phase (usually a FE material) generates crystal deformation under the electric field, 
and the magnetostrictive (or piezomagnetic) FM (or FIM) phase responds to the 
deformation by changing its magnetic properties, e.g. the magnetoelastic anisotropy 
energy is modified due to the change in the magnetic interaction arising from the 
change in the atomic distances and exchange interactions
247
. Here “piezo-” is 
exclusively defined as a linear response of electrical/magnetic polarization to stress 
and “converse piezo-” is defined as the linear response of deformation to 
electric/magnetic fields, while “-strictive” applies to systems which follow a quadratic 
relationship
36
. Such a coupling is the product of two distinct interactions and thus an 
intimate contact and effective elastic coupling between the two phases are important. 
Besides, a sizable ME coupling requires a large piezoelectric coefficient and a large 
magnetostriction effect in the constituent phases. There are several widely-studied 







, where the 
strong magnetic anisotropy of CoFe2O4 yields a strong converse magnetostrictive 
response to the strong converse piezoelectric effect from the FE component.  
2. Charge. Charge-mediated ME coupling is a purely electronic effect. In materials 
where the magnetic properties are closely linked to charge carrier density (with 
hole-doped manganites being an example), a modulation in carrier doping level 
results in a change of the magnetic properties (e.g. the magnetization or magnetic 
moments). Charge effect usually occurs in a FE/FM interface and the mechanism is 
similar to the gating effect in a field effect transistor
244
: The FE oxide acts as a gate 
dielectric, and polarization is induced when applying an electric field. The polarized 
charges are then screened by the charge carriers in the FM channel layer, where a 
charge accumulation or depletion is induced depending on the polarization direction. 
This results in large changes of the magnetic moment of the FM layer in different 
polarization states of the FE layer
245
. For example, in the 
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La1-xSrxMnO3(LSMO)/Pb[ZrxTi1-x]O3(PZT) heterostructure, the magnetization in 
LSMO is sensitive to the polarization state of PZT under the electric field, which 





 ratio has a big influence on the DE coupling
247,250
.  
2. Exchange bias. Exchange bias (EB) effect exists in FM/antiferromagnetic (AFM) 
interfaces: upon cooling the system below the Neel temperature (TN) of the AFM layer 
while keeping the FM layer in the saturated state (Tc<TN), the interfacial exchange 
coupling gives rise to a directional biasing where the magnetic hysteresis loop has a 
shift along the magnetic field axis
251
. EB-mediated ME coupling links the charge 
polarization with the spin configuration in a FE AFM layer (such as BiFeO3), and 
through the EB effect between the AFM layer and an adjacent FM layer, the magnetic 
spins of the FM layer can thus be manipulated through direct exchange coupling
245
. 
6.1.2 Constraints of conventional ME coupling systems 
To date, most works on strain and charge-mediated ME coupling are studied in planar 
composites with coexisting FM and FE phases, which limits the performance of the 
materials system due to several constraints:  
1. For strain-coupling systems, the most common configuration is a FM layer grown 
on a FE substrate or a FM/FE bilayer structure grown on a non-FE substrate, as shown 
in Fig. 6-2 (a) and (b). For single-layer films, the selectivity of a proper FE substrate 
is limited to several phases such as BaTiO3 or the toxic PZT. For bilayer films, the 
effective in-plane strain that couples the FM and FE layer is parallel to the substrate, 
which is largely clamped by the stiff, large volume, underlying substrate
76
.  
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Figure 6-2. Schematic diagram of the ME coupling in different composite 
configurations: (a) single-layer 2-2 structure (b) bilayer 2-2 structure and (c) 
self-assembled VAN 3-1 structure. The black and yellow arrows illustrate the 
direction of strain coupling or charge transfer, respectively. 
2. For charge-doping systems based on the gating effect, the charge 
accumulation/depletion depth is confined by the screening length of the FM material, 
which is determined by the charge carrier density of the material. In hole-doped 




, and the corresponding 
screening length is only a few unit cells
252
. Therefore, charge-mediated ME coupling 
in FE/FM heterostructures is detectable only when the FM layers are ultrathin. 
3. In both cases, the search for an optimized FE/FM combination with optimized 
structural compatibility is challenging, since there are only limited choices for 
candidate FE phases which have good compatibility with the FM phase.  
These three constraints can be reduced in the following ways: (1) reducing the 
substrate clamping through the design of structures other than 2-2 planar layouts (e.g. 
nanostructured composites)
76
, (2) increasing the scale of charge doping by introducing 
more interfaces and using other routes to tune the carrier concentration (using 
resistive switching effect is one alternative), and (3) expanding the selectivity by 
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reducing the constraints for the constituent phases (e.g. replacing the FE phase with 
non-FE piezoelectric phases
77,253
, or replacing the FM phase with AFM phases). In 
this work, we aim to address these problems. In the following discussions, we will 
discuss firstly on the structure design and then on the materials selection.  
6.1.3 VAN: A candidate platform for ME coupling 
Compared to 2-2 planar films, the VAN structure (a 1-3 configuration, as shown in 
Fig. 6-2 (c)) has an enormous number of nanocolumns vertically embedded in a 
matrix, providing a huge amount of nano-scale coupling in the vertical direction. 
Since the effective strain coupling is perpendicular to the substrate plane, the substrate 
clamping effect is minimized. Thus, in theory, a large strain coupling is expected in 
the VAN structure. This has been realized in one of my collaboration works
76
.  
As for the charge doping mechanism, it is not easy to mimic the field gating effect 
using the charge screening approach in VAN structures, as the direction of the applied 
electric field in a two-probe configuration is parallel to the vertical interfaces, while 
the charge screening should occur perpendicular to this direction (shown in Fig. 6-2 
(c)). Therefore, an alternative charge-doping approach needs to be considered. One 
solution is to use an interdigitated electrode to generate an in-plane electric field. 
However, this is limited by the penetration depth of the electric field
254
. Alternatively, 
one can make use of the unique VAN structure and focus on modulation of the carrier 
concentration of the FM phase near the electronically active vertical interfaces, where 
the carrier mobility is highly tunable under an electric field (Recall Chapter 4 and 
other resistive switching works in VANs
122,129
).  
In contrast to the 2-2 structures, the VAN structure suffers from a shortage arising 
from the unburied vertical interfaces without any current blockage, which, in addition 
to the matrix and column phases, may generate an extra leakage source when applying 
an electric field
76
. As discussed in Chapter 4, one reason for the leakage from the 
vertical interface is the defects or the structural mismatch between the two 




. Since this vertical interface conduction is closely related to the 
crystallographic matching
128
, the leakage can be controlled by delicate selection of 
phase combinations or control of crystallographic orientations. Besides, leakage from 
the matrix/column phases can also be reduced with careful structural design
76
. In this 
work, this problem is addressed by growing VAN films on different substrates, as 
discussed later.   
6.1.4 Selection of materials 
 La0.9Ba0.1MnO3: a ferromagnetic insulator sensitive to external forces 
As discussed above, the FM phase in a ME VAN needs to have minimized leakage, 
and therefore, the lightly-doped La0.9Ba0.1MnO3 (denoted as LBMO hereafter, which 
is ferromagnetic insulating in bulk or VANs) is a proper candidate. The 
comprehensive study in Chapter 5 revealed the sensitive nature of LBMO to structural 
and compositional perturbations in VANs via growth control. Here, using the ME 
coupling between another phase through an electric field is an alternative route to 
tuning the magnetic properties in manganites. On one hand, volume magnetostriction 
(~10
-4
 at 8.2 kOe) has been reported in La1-xBaxMnO3 in bulk
255
. When a tiny level of 
structural perturbation exists, La1-xBaxMnO3 can likely respond with a change in 
magnetoelastic anisotropy or Jahn-Teller distortion, inducing a change in magnetic 
exchange interactions or anisotropy
256
. The structural perturbation under an electric 
field can be generated by coupling with another phase possessing piezoelectricity (or 
electrostriction). On the other hand, chemical doping of manganites can be induced by 
charge doping near the vertical interface in a VAN. As the LAMO (A=Ca, Sr, Ba) 
family is more sensitive to carrier concentrations
257
 in the lightly doped regions (recall 
the phase diagram in Fig. 5-4), chemical doping can generate a similar effect as 
shifting of the phase diagram
258
 along the doping level axis.  
 ZnO: a candidate second phase 
ZnO has a wurtzite phase under ambient conditions, with a hexagonal closed-packed 
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(hcp) unit cell of 6-fold symmetry. The unit cell of ZnO is shown in Fig. 6-3 (a): Zn 
atoms form hcp arrays and O atoms occupy half of the tetrahedrally co-ordinated sites. 
Such an atomic arrangement results in a noncentrosymmetric ZnO crystal comprising 
alternating Zn and O layers stacking along the c axis
259
. Two lattice parameters are 
used to describe the unit cell of ZnO: a (3.25 Å, which is the edge length of the 
hexagon basal plane) and c (5.21 Å, which equals to the height of the unit cell), as 
shown in Fig. 6-3 (b).  
Due to the unique crystal structure stacking, two distinct properties are shown in 
ZnO, which are part of the reasons for selecting ZnO as the second phase of the VAN 
in this work:  
 
Figure 6-3. (a) The hexagonal wurtzite crystal structure of ZnO (Figure taken 
from
259
). (b) and (c) illustrations on various crystal orientations and planes of the ZnO 
crystal (Figure taken from
260
). 
1. Piezoelectricity: The ZnO unit cell possesses a lack of center symmetry, which is a 
basic requirement for the existence of piezoelectricity. The piezoelectric coefficient is 
the ratio of the induced strain vs. the applied electric field or the ratio of the 
polarization vs. the external stress
261
. The highest reported piezoelectric coefficient of 
ZnO at room temperature is d33=12.84 pC/N
262,263
. Here, d33 stands for the 
piezoelectric coefficient corresponding to the piezoelectric response along the c-axis 
(i.e. strain in the c-axis, ε3) with respect to the external forces in the c axis (i.e. electric 
field applied along the c-axis, E3). This means that ZnO with c-axis growth mode can 
show the maximum converse piezoelectric effect (and thus the maximum induced 
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strain) when an electric field is applied along the c-axis. In the case of a linear 
piezoelectric effect, ε3=d33E3.  
2. Polar surfaces
259,264
: In single-crystal ionic materials with a lack of 
centrosymmetry, there are certain crystal planes where the projection of the dipole 
moment is not zero with respect to the bulk unit cell on the surface normal, and these 
planes are called “polar surfaces”.   
The dipole moment of the ZnO bulk unit cell is directed along the [0001] 
orientation. As shown in Fig. 6-3 (b) and (c) and Fig. 6-5 (b), there are mainly two 
kinds of crystal planes in the ZnO crystal, each having different charge polarities due 
to different atomic arrangements:  
a. The low-index planes such as (101̅0) and (112̅0) have stoichiometrically 
exposed and mixed-terminated Zn and O atomic arrangements and therefore they 
show no charge polarity or electrostatic instability.    
b. The basal planes such as Zn-terminated (0001) and O-terminated (0001̅) planes 
are both polar due to the unequal stacking of Zn and O atoms, which implies that a 
permanent dipole moment exists along the c-axis. 
For polar surfaces, a finite dipole moment is generated per surface unit cell, which 
gives rise to an electrostatic field scaling with thickness, and this makes the surface 
electronically unstable. This instability can be removed through charge transfer with 
other surfaces, surface reconstruction, or absorption of other polar particles. This 
indicates that: (1) surface charge may exist in some planes of ZnO which induces a 
certain level of carrier mobility and (2) when n-type ZnO is vertically aligned with 
p-type manganites, charge transfer can likely happen in the vertical p-n junction, and 
the carrier mobility along this interface is likely to be different after different ways of 
vertical matching. 
Manganite-ZnO VAN is a candidate FM-nonFE combination as proposed in 
Chapter 6.1.2. The growth of manganite-ZnO VAN systems has been 
well-studied
43,63,73,213,242
, but ME works were seldom reported. Giant electric field 
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tuning of ferromagnetism was previously realized in a double-perovskite manganite 
ferromagnetic insulator La2CoMnO6 (LcMO) via the ZnO phase, where a giant 
electric field modulation of the magnetic moments and M-H curves were reported. 
The effect was ascribed to a modulation of the charge carrier concentration in the 
LcMO phase via the carrier trapping/detrapping effect near the LcMO-ZnO vertical 
interface and it generated an effect equal to a temperature increase of 70 K
77
. 
However, the origin was not adequately explained and the detailed role of the carrier 
trapping/detrapping was not well studied. Besides, the current leakage and its related 
heating effect was not quantitatively analyzed.    
Triggered by the requirement for reducing the leakage and studying the underlying 
mechanism more adequately, we worked on another manganite-ZnO VAN system: 
LBMO-ZnO, and proposed two ways to realize ME coupling:  
1. Strain tuning of the LBMO phase using the piezoelectricity in the ZnO phase. The 
tuning can occur as a change in the magnetic anisotropy or magnetic interactions. 
Since the piezoelectric coefficient of ZnO (12.84 pC/N) is small compared to that of 
PZT or BTO (>100 pC/N), theoretically the strain effect generated by ZnO should be 
weak. As mentioned above, in order to enhance the strain coupling, ZnO should have 
a (0001) preferred growth orientation.  
2. Charge doping of the LBMO phase through ZnO. This may happen in a more 
complex way. The vertical epitaxy between ZnO and LBMO can provide vertical 
interfaces with active charge carriers, and the carrier mobility can be tuned via charge 
trapping/detrapping by an electric field. This can tune the carrier concentration of the 
LBMO phase near the interfaces, and due to the existence of enormous vertical 
interfaces where trap sites exist, this tuning can in theory be observable. However, the 
enhanced carrier mobility may also induce current leakage, and we aim to control this 
leakage by controlling the crystallographic matching.     
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6.2 Growth and characterization of the La0.9Ba0.1MnO3–ZnO 
VAN on Nb:STO substrates  
La0.9Ba0.1MnO3(LBMO)-ZnO (molar ratio 1:1) nanocomposites (NC) and reference 
La0.9Ba0.1MnO3 (LBMO) plain films (PF) were grown on 0.5 wt.% Nb-SrTiO3 
substrates via a one-step process using pulsed laser deposition (PLD) with one 
composite target. During deposition, the oxygen partial pressure and the growth 
temperature were maintained at 0.2 mbar and 770℃, respectively. The laser repetition 
rate and fluence were 2 Hz and 1 J/cm
2
, respectively, and the thickness of the films 
was around 100 nm. After deposition, the films were cooled down to room 
temperature under an oxygen pressure of 0.4 atm at a cooling rate of 10 ℃/min.  
 Epitaxial relationships of the LBMO–ZnO VAN with the Nb:STO substrates 
   
Figure 6-4. XRD 2θ-ω scans of the LBMO-ZnO VAN grown on the (a) Nb:STO 
(001), (b) Nb:STO (110) and (c) Nb:STO (111) substrates. 
As discussed above, ZnO shows different piezoelectric responses and charge 
polarities in different crystallographic orientations, and it is known that the growth 
orientation of ZnO can be adjusted by changing the STO substrate orientations
265
. 
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Therefore, we started by growing LBMO-ZnO VANs on Nb:STO substrates with 
three different orientations: (001), (110) and (111).  
Fig. 6-4 shows the XRD 2θ-ω scans of the three films, and the corresponding 
epitaxy relationships between ZnO and STO are illustrated in Fig. 6-5. The ZnO 
(112̅0) peak is observed (Fig. 6-4 (a)) when grown on the Nb:STO (001) substrate, 
which indicates that the ZnO hexagonal unit cell lies parallel to the STO (001) plane, 
showing an in-plane (ip) growth mode, with ZnO (11 2̅0 )//STO (001) in the 
out-of-plane (op) direction. As reported in the LSMO-ZnO VANs, the ZnO (112̅0) 





therefore there is a ~45
o
 angle between the ZnO [0001] orientation and the STO [100] 
orientation in the ip direction, as illustrated in Fig. 6-5 (c).  
 
Figure 6-5. (a) The cubic unit cell of STO and (b) the hexagonal unit cell of ZnO. For 
simplicity, only the atoms on the corners of the unit cell are shown. The epitaxy 
relationship between the ZnO phase and the Nb:STO substrate: (c) when grown on 
Nb:STO (001), ZnO (112̅0) // STO (001). (d) and (e) when grown on Nb:STO (111), 
ZnO (101̅0) or (0002) // STO (111). The blue dashed lines and arrows represent the 
ZnO phase and the black represent STO. 
6.  Growth of the La0.9Ba0.1MnO3-ZnO VAN and study on the electric field tuning of magnetic properties 
195 
The ZnO (101̅0) and (0002) peaks are observed in the film grown on Nb:STO (111) 
(Fig. 6-4 (c)). The ZnO (101̅0) peak corresponds to an ip growth mode, with 
ZnO(101̅0)//STO(111) and ZnO [0001]//STO[01̅1], while the ZnO (0002) peak 
corresponds to an op growth mode, with ZnO(0001)//STO(111) and ZnO 
[11̅00]//STO[01̅1]. These epitaxy relationships are shown in Fig. 6-5 (d) and (e), 
respectively. It is worth noting that the ip growth mode in Fig. 6-5 (d) has no 45
o
 ip 
rotation, which is unlike the film grown on Nb:STO (001) (Fig. 6-5 (c)). 
It is noticeable that no discernible ZnO peak is observed when the film is grown on 
Nb:STO (110) (Fig. 6-4 (b)), even though c-axis growth is expected
77
. This is perhaps 
because the complexity of the ip matching between ZnO/STO and op matching 
between ZnO/LBMO makes it difficult for the ZnO phase to show a good crystallinity. 
In the following discussions, the film grown on Nb:STO (110) will not be discussed.   
As for the LBMO phase, when grown on Nb:STO (001), the LBMO (00l) peaks 
nearly overlap with, but are slight to the right of the STO (00l) peaks (Fig. 6-4 (a)).  
When grown on Nb:STO (111), the LBMO (lll) peaks are also on the right of the STO 
(lll) peaks (Fig. 6-4 (c)) and the peak intensities are higher. The results indicate that 
the op lattice constant of the LBMO phase is slightly smaller than that of STO (3.905 
Å) in both of the two films. 
 Comparison of the surface morphologies 
The surface topography and phase images obtained by AFM provide additional proofs 
to the crystallographic information in Fig. 6-5. As shown in Fig. 6-6 (a) and (b), 
square-shaped features are observed (marked by dashed blocks) in the film grown on 
Nb:STO (001), which tend to have a 45
o
 ip rotation with respect to the STO [100] 
direction. As discussed above, these features are likely from the ZnO (112̅0) grains.  
As shown in Fig. 6-6 (c) and (d), two types of features are observed in the film 
grown on Nb:STO (111), with either a rectangular or a triangular shape (marked by 
the dashed blocks). The rectangular features are likely from the ZnO (101̅0) grains 
which match with the STO (111) plane without ip rotation, and the triangular ones are 
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likely from the ZnO (0002) grains. The triangular shape reflects the close-packed 
nature of this orientation.  
 
Figure 6-6. AFM (a) topography and (b) phase images of the LBMO-ZnO VAN 
grown on the Nb:STO (001) substrate. AFM (c) topography (d) and (d) phase images 
of the LBMO-ZnO VAN grown on the Nb:STO (111) substrate. 
The features observed in the AFM are consistent with the schematic diagrams 
shown in Fig. 6-5 (c)–(e), where the possible shapes and layouts of the ZnO grains are 
illustrated by the blue dashed lines. The triangular (instead of a hexagonal) shape of 
the grains observed in Fig. 6-5 (c) and (d) is perhaps due to the difference in surface 
energies of crystals which determine the termination of the corresponding vertical 
grain surfaces and grain shapes
54
 (as previously discussed in Chapter 2.3.2).      
Having confirmed the growth mode and epitaxy relationships of the films grown on 
Nb:STO (001) and (111), we turn to comparing the magnetic and current leakage 
properties between the two films, based on which the candidate film for in-situ 
electric field tuning of magnetic properties is selected.  
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 Comparison of the magnetic transition and electrical transport 
 
Figure 6-7. (a) Comparison of the magnetization vs. temperature (M-T) curves of the 
LBMO-ZnO VAN films grown on the Nb:STO (001) and (111) substrates. The 
applied magnetic field for the M-T curves was 200 Oe parallel to the film plane. (b) 
The corresponding resistance vs. temperature (R-T) curves of the LBMO-ZnO VAN 
films grown on the STO (001) and (111) substrates.  
Fig. 6-7 (a) shows the Field Cooled (FC) magnetization vs. temperature (M-T) curve 
for the two films. The Tc is kept at around 95 K irrespective of the crystal orientation. 
The large drop in the Tc, as compared to the LBMO PF and LBMO-CeO2 VAN in 
Chapter 4, is perhaps due to the Zn-Mn cross-substitution
266,267
 or charge transfer 
between the p-type LBMO and n-type ZnO which changes the carrier concentration of 
LBMO. Fig. 6-7 (b) shows the resistance vs. temperature (R-T) curves obtained for 
two samples grown on the corresponding insulating STO (001) and (111) substrates 
measured using a four-point configuration, which both exhibit insulating transport 
properties. The resistance values below 170 K are all out of the PPMS measurement 
range. These results indicate that the intrinsic magnetic and transport property of the 
LBMO phase is ferromagnetic insulating.  
In order to reduce the influence of temperature increase on the change of magnetic 
properties, the measurement temperature of the in-situ electric field tuning of 
magnetic properties was selected within a temperature region where the magnetization 
stays relatively flat in the M-T curve, which is below 50 K (Fig. 6-7 (a)). Besides, a 
higher resistance of the film is needed to allow application of high electric fields, and 
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this requires measurement in lower temperature regions (Fig. 6-7 (b)) as well. 
Therefore, the electric field tuning measurements were conducted at 10 K.    
 Comparison of the current leakage in the Pt/LBMO–ZnO/Nb:STO device 
We now turn to comparing the current leakage between the two samples. The I-V 
measurements were conducted at 10 K using PPMS with the samples mounted in a 
2-probe configuration as illustrated in Fig. 6-8 (a). A 5 mA compliance current was 
used.  
 
Figure 6-8. (a) Measurement configuration of the I-V curves. (b) I-V curves at 10 K. 
Black: the Pt/LBMO-ZnO/Nb:STO (001) device, red: the Pt/LBMO-ZnO/Nb:STO 
(111) device. (c) The Poole-Frenkel (P-F) emission fitting of the conduction 
mechanism in the Pt/LBMO-ZnO/Nb:STO (111) device at the initial resistance state. 
As shown in Fig. 6-8 (b), the Pt/LBMO-ZnO/Nb:STO (111) device (denoted as 
Device111) exhibits a large resistive switching (RS) effect: the memory cell is “SET” 
to the low resistance state at a positive voltage of 1.8 V without electroforming. A 
clear current self-compliance is observed when the memory cell is “RESET” to the 
high resistance state: when the voltage is over -0.8 V, the current is saturated at ~500 
μA without any further increase even when the voltage increases to -5 V 
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(corresponding to an electric field of 500 kV/cm). This “self-compliance” of the 
current acts as a protection for the memory cell: when the negative electric field is 
higher, electric breakdown can be avoided. After the “RESET” process, the current 
value at the same negative voltage is reduced drastically (over several orders of 
magnitude) when the voltage is swept from -5 V back to 0, resulting in a large 
hysteresis in the I-V curve (as well as a high ON/OFF ratio).   
The Pt/LBMO-ZnO/Nb:STO (001) device (denoted as Device001) shows a similar 
but much reduced RS effect. The “SET” process is similar, occurring at 1.7 V, but the 
current flow before and during the “SET” process is much higher than that of 
Device111. The “RESET” process is totally different: the current gradually increases in 
the low negative bias region, with no self-compliance exhibited. When the applied 
voltage is over -4 V, the current is >1 mA. Moreover, the current remains at high 
values when the voltage is swept back, without a clear “RESET” process, and 
therefore the hysteresis of the I-V curve is much smaller than the Device111.  
We note here that the switching polarity of the Pt/LBMO-ZnO/Nb:STO device 
(“SET” at a positive bias and a clockwise I-V characteristic) is opposite to that of the 
Pt/SDC-STO/Nb:STO device shown in Chapter 4 (the counter-clockwise I-V in Fig. 
4-18), indicative of a different switching mechanism. Recall Chapter 4.1.1, the RS 
switching polarity is determined either by ionic migration (counter-clockwise I-V) or 
electron trapping/detrapping (clockwise I-V). Since there is no ionic conductor in the 
LBMO-ZnO VAN, a large concentration of mobile Vos can be neglected, and therefore 
the electron charge trapping/detrapping mechanism is expected to be more 
dominant
117
. To study the intrinsic conduction mechanism, the I-V curves were fitted 





2 in the initial state 
(the low positive voltage range before “SET”: from 0 to 1.8 V) of Device111, where a 
linear relationship is exhibited. A similar relationship is exhibited in the Device001 (not 
shown here). Recall equation (2-8), this indicates that Poole-Frenkel (P-F) emission 
controls the intrinsic conduction in the Pt/LBMO-ZnO/Nb:STO devices. 
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In the P-F emission process, the conduction current originates from electrons 
emitted to the conduction band of the film from the trap sites. In LBMO-ZnO VAN 
films, trap sites most likely arise from the defects (such as oxygen vacancies) along 
the vertical interfaces. The electric field increases the probability of the 
trapping/detrapping of electrons and modifies the electrode/film potential barrier 
height
11
, which induces the RS effects in both of the two films.  
The reason for the much larger RS effect in the Device111 as compared to the 
Device001, although not yet fully understood, is suggested as below. The LBMO-ZnO 
VAN films grown on the Nb: STO (001) and (111) substrates are denoted as Film001 
and Film111, respectively, and the corresponding devices with electrode contacts are 
denoted as Device001 and Device111. 
The strength of the RS effect (the hysteresis in the I-V curve) is assumed to be 
determined by the level of carrier trapping/detrapping, which depends not only on the 
intrinsic carrier mobilities (which determines how many carriers can be modulated) 
but also on the concentration of the trap sites (which determines how many trap sites 
exist to modulate the carrier mobilities).  
On one hand, it is known that the ZnO {0001} polar surfaces alone can act as 
electrically conductive channels
268
, and thus different layouts of the polar planes can 
result in different carrier mobilities along the vertical interfaces. As shown in Fig. 6-5 
(c)-(e), the ZnO {0001} polar planes all lie parallel to the LBMO {110} planes along 
the op direction in the Film001. Therefore, all the polar planes of ZnO donate to the 
vertical interfaces. Whereas in Film111, the polar {0001} surfaces of the ZnO (101̅0) 
crystals donate to the polar vertical interfaces, while those of the ZnO (0002) crystals 
are perpendicular to the vertical interfaces. All these factors result in different intrinsic 
carrier mobilities between the two films. 
On the other hand, in the op direction, the ZnO and LBMO planes match in 
different epitaxy relationships and thus the resulting mismatch may result in different 
defect levels and thus different concentrations of trap sites.   
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  As a final result, although the charge carriers of both films are tunable, the 
tunability (determined by the intrinsic carrier mobilities and the trap site 
concentrations) are different, which results in different RS properties. 
  Fig. 6-8 (b) shows that the overall leakage current of Device111 (red curve) is less 
than that of Device001 (black curve), especially in the initial state before “SET”. One 
possible reason is the reduced number of the polar vertical interfaces in Film111. As 
the polar planes of the ZnO (0002) crystals in the Film111 are perpendicular to the 
vertical interfaces, the donation of these crystals to the vertical interface conduction 
should be minimized, which can probably reduce the overall leakage of Film111. 
Moreover, it is believed that the matching of close-packed orientations is energetically 
more favorable, and thus the close-packed hexagonal orientation of ZnO (0002) is 
expected to have a high-quality epitaxy with the close-packed cubic orientation of 
STO (111)
269
. Therefore, the defect level in the ZnO (0002) phase is expected to be 
reduced, which can also reduce the overall leakage of Film111
270
. 
6.3 Electric field tuning of magnetic properties in the 
La0.9Ba0.1MnO3–ZnO/Nb:STO (111) sample 
Based on the above results, in-situ electric tuning of magnetic properties was mainly 
performed on the LBMO-ZnO/Nb:STO (111) sample (Film111), due to the following 
reasons:  
1. The large RS effect and reduced leakage in Film111 make it easier to apply a high 
electric field without the risk of a high current flow through the film. After the 
“RESET” process, the leakage current can be reduced by several orders of magnitude 
when the applied voltage is the same. 
  In the SQUID measurement, the current flow through the Film001 increased 
continuously with the increase in voltage. When the voltage was higher than -3 V 
(electric field > 300 kV/cm), the current was above 4 mA. This made it difficult to 
stabilize the temperature of the SQUID chamber. Also, when such a high current 
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flows through the film, Joule heating may contribute to the change in the magnetic 
properties, making it hard to deconvolute from the real ME effect. In contrast, by 
careful control of Film111, the current flow could be reduced to below 10 μA (at -3 V). 
It is worth mentioning that the exact current value through the sample under SQUID 
measurement differs from the current values shown in Fig. 6-8 (b), due to the 
difference in electrode sizes and measurement configuration.   
2. The existence of the ZnO (0002) crystals makes it easier to study the strain 
coupling, since the piezoelectric response of ZnO is strongest along this direction 
when electric field is applied along this direction.  
3. The large RS effect discussed above provides a platform to study the charge doping 
effect of the LBMO phase.  
Fig. 6-9 (a) illustrates the measurement configuration: nearly 80% of the surface 
area of the film was covered by Pt (~100 nm thick) which acted as the top electrode 
(TE), while the edge of the Nb:STO substrate was exposed without any film deposited, 
serving as the bottom electrode (BE). The TE and BE were connected with cables on 
the SQUID probe using silver paint, and the cables were connected to a Keithley 2440 
source meter where the BE was grounded. In this work, two kinds of measurement 
were conducted, one was to measure the M-H curves with different electric fields 
applied, and another was to tune the remanence (Mr) by sweeping electric field 
cycles.  
6.3.1 Electric field tuning of the M-H curves 
 The role of the ZnO phase 
Magnetization vs. field (M-H) curves were recorded consecutively on a 
Pt/LBMO-ZnO/Nb:STO (111) device (denoted as NC hereafter) with varying the 
electric field. For comparison, the same measurements were done on a reference 
LBMO plain film-based device (denoted as PF hereafter). The results are shown in 
Fig. 6-9 (b) and (c). Negative biases were applied to the samples (changing from -500 
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to 0 kV/cm)) to ensure reduced current flow. The electric field values are the absolute 
values converted from the negative biases (based on a 100 nm film thickness).  
As shown in Fig. 6-9 (b), the coercive field (Hc) and remanence (Mr) of the NC 
decrease substantially under the applied electric field, while the saturation 
magnetization (Ms) remains almost constant. In contrast, in the PF, there is almost no 
change in the M-H curve shape when a similar electric field is applied, and the change 
in Hc and Mr can be neglected, as shown in Fig. 6-9 (c). 
 
Figure 6-9. (a) Schematic diagram of the sample configuration for the in-situ electric 
field tuning of magnetic properties. Influence of the electric field on the M-H loops of 
the (b) LBMO-ZnO NC and (c) LBMO PF grown on the Nb:STO (111) substrate. The 
magnetic field was applied along the in-plane orientation and the measurements were 
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 Comparison with the heating effect 
It is worth mentioning that the current flow through the sample was not neglectable. 
In the SQUID measurements, when the electric field E=500 kV/cm, the average 
current flow in the NC and PF were around 720 μA and 900 μA, respectively.  
Since the current flow is not small, it is necessary to consider the Joule heating 
effect before moving on to the discussion of mechanisms. To study the influence of 
the heating effect on the magnetic properties, M-H curves of the same samples were 
measured by varying the measurement temperature from 10 K to 20 K, with no 
electric field applied. The results of the NC and PF are compared, as shown in Fig. 
6-10. Unlike the electric field effect in Fig. 6-9, when the films are heated up (from 10 
K to 20 K), the Hc and Mr of both the NC and the PF decrease progressively. For 
example, the Hc drops from 178 to 120 Oe (by 32%) in the NC, and from 35 to 30.4 
Oe (by 13 %) in the PF.  
 
Figure 6-10. Influence of the temperature increase on the M-H loops of the (a) 
LBMO-ZnO NC and (b) LBMO PF grown on the Nb:STO (111) substrate. 
To obtain a quantitative comparison of the change in magnetic properties caused by 
temperature rise and electric field, the Hc and Mr values are extrapolated from the 
M-H curves and plotted in Fig. 6-11. At first glance, the electric field applied to the 
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NC generates a similar effect as that caused by temperature rise. Comparing the black 
curves between Fig. 6-11 (a) and (b) (or Fig. 6-11 (c) and (d)), a 500 kV/cm electric 
field produces a similar effect as a temperature increase of 10 K (or 5 K), when Hc (or 
Mr) are independently considered, respectively. In contrast, for the PF, comparing the 
blue curves in Fig. 6-11, the Hc (Mr) stays almost unchanged with a similar electric 
field applied, while the change caused by temperature rise is quite clear.  
Here we assume the effect of temperature rise caused by the amount of Joule 
heating is proportional to the power generated by the voltage and current (P= I
2
R or 
I*V). As mentioned above, when the applied electric fields are similar in the PF and 
NC (E=500 kV/cm), the level of Joule heating effect caused by the leakage current in 
the PF (I≈900 μA) is expected to similar as that generated in the NC (I≈720 μA). 
This large leakage, however, cannot cause any change in the M-H curves of the PF.   
 
Figure 6-11. The change in the extrapolated coercive field (Hc) caused by the change 
in (a) the electric field and (b) the temperature. The change in the extrapolated 
remanence (Mr) caused by the change in (c) the electric field and (d) the temperature. 
The black curves stand for the NC and the blue stand for the PF. 
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Based on the above results, it is reasonable to conclude that although a high electric 
power can be generated by the leakage current in both the PF and NC, this power 
alone cannot produce a pure heating effect that decreases the Hc and Mr of the LBMO 
single-phase plain films. The modulation of the magnetic properties by the electric 
field (or current) is unique to the LBMO-ZnO VAN.  
 Investigating the strain effect 
Having discussed on the heating effect, we turn to gain an insight into other origins of 
the change in M-H curves in the NC film.  
The existence of the ZnO (0002) crystals (Fig. 6-4 (c)) in this sample indicates the 
possibility of a piezoelectric effect. Recall Fig. 6-9 (b), the Hc and Mr of the NC film 
decrease substantially with the electric field applied, while the Ms remains almost 
constant. If this change were caused by a strain-mediated change of magnetoelastic 
anisotropy, an increase in the Hc and Mr would be expected when the magnetic field 
is applied in other directions
76
. Fig. 6-12 (b) shows the in-situ electric field tuning 
measurement results with the magnetic field applied perpendicular to the film plane 
(the op direction), compared to the result in the ip direction (Fig. 6-12 (a)). The op 
M-H curves are enlarged to be comparable with the ip curves and to show the details 
near the Hc. The Hc and Mr in the op measurement are getting smaller when a 500 
kV/cm electric field is applied, which is similar to the ip measurement result. This 
result is, however, contradictory to the result expected from a strain-mediated change 
in the magnetoelastic anisotropy.  
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Figure 6-12. Comparison of the in-situ electric field tuning of the M-H curves of the 
NC film with the magnetic field applied in the (a) in-plane direction and the (b) 
out-of-plane direction. The out-of-plane curve is enlarged to show the details near the 
coercive field (Hc). 
Up till now, we haven’t found clear experimental proof of strain-mediated change 
in magnetic anisotropy. Considering the relatively small piezoelectric coefficient of 
ZnO (12.84 pC/N) as compared to BTO (>100 pC/N), it is reasonable to postulate that 
strain-mediated change of the magnetic anisotropy in the LBMO-ZnO VAN is 
expected to be much weaker, and this makes ME effect easily be overshadowed by 
other effects such as heating effect at such a low measurement temperature (10 K). 
Also, strain coupling, if it exists, may influence the magnetic properties in other ways, 
such as the tuning of Tc. The reason for the electric field tuning of the M-H curves in 
Fig. 6-9 (b) is not yet fully understood. It is likely, however, that the heating effect 
may have a contribution. Since the LBMO phase in the LBMO-ZnO VAN is expected 
to be in a different strain state, and its magnetic properties may become more 
vulnerable to leakage currents. To probe the ultimate origin, future work is needed.   
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6.3.2 Electric field tuning of the remanence and the correlation to the 
resistive switching effect 
Since we haven’t got a clear, independent experimental evidence of the 
strain-mediated change in magnetic anisotropy in the NC film, we turn to studying the 
charge doping effect proposed in Chapter 6.1.4.  
As discussed in Chapter 6.2, the Pt/LBMO-ZnO/Nb-STO (111) device exhibits a 
nonvolatile tuning of the current when sweeping the electric field in cycles, which is 
correlated to the charge carrier modulation (charge doping). The change in the carrier 
concentration in the LBMO phase may be reflected as a change in the magnetic 
moments. In order to study the influence of charge doping effect on the magnetic 
moments, the remanence (Mr) was measured with the sample being under electric 
field cycles. A large in-plane magnetic field of 1 T was applied to ensure that the 
magnetic moments in the film were saturated, after which the magnetic field was 
switched off and the sample was left in the remanent state. The Mr value was then 
recorded by applying consecutive voltage cycles (from 0 → 2.2 V→ -4.5 V→ 0). 
This voltage cycle ensures that the current remains as low as possible (below 1 mA) 
throughout the measurement, in order to reduce the heating effect. The voltage values 
are converted to the corresponding electric field values based on a film thickness of 
100 nm. The measurements were conducted on both the NC and the PF films. 
As shown in Fig. 6-13 (a), overall, the Mr of the NC has a tendency to drop 
drastically with the application of electric fields. The arrows in Fig. 6-13 show the 
direction of the measurement history. The irreversible drop of Mr in the NC is perhaps 
due to a “thermal fatigue” effect which originates from the flow of the electric current 
through the films and this effect is also discernible in the PF (from arrow 1 to 2 in Fig. 
6-13 (b)).  
It is also noticeable from Fig. 6-13 (a) that in the 1st voltage cycle of the NC film, 
the Mr value has a tendency to increase back to the original value when the applied 
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voltage (electric field) decreases to zero (from arrow 3 to 4), while this tendency is 
not observed in the PF film (Fig. 6-13 (b)). This is indicative of a weak tuning effect 
of the Mr by the electric field. However, the tuning effect cannot be reproducible due 
to the “fatigue effect” mentioned above. 
 
Figure 6-13. The influence of consecutive voltage cycles on the remanence (Mr) 
value of (a) the NC and (b) the PF at 10 K. The voltage values are converted to the 
corresponding electric field values in the figure legends.   
In the NC, after the first voltage cycle (after arrow 5 in Fig. 6-13 (a)), the Mr value 
stays within a relatively stable range, indicating that the “fatigue effect” is saturated. 
In the following consecutive voltage cycles, two features are observed in the Mr-E 
curve, as shown in the inset of Fig. 6-13 (a) and the enlarged curve in Fig. 6-14 (a):  
(1) The moment tends to drop under a positive electric field and increase under a 
negative electric field. One possible contribution for the drop (increase) of the 
moment value under a positive (negative) electric field is the magnetic induction field 
(Bi) caused by the leakage current
76
 passing through the cables in the measurement 
circuit, which depends on the polarity of the current. This is absent in the PF, probably 
due to a different vulnerability to the induction field. 
(2) A hysteresis is shown. This hysteresis is reminiscent of the RS effect observed 
in the same sample (Fig. 6-8 (b)). An I-E curve was also in-situ collected inside the 
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SQUID chamber after collecting the Mr-E curves and a similar RS behavior was 
shown (inset of Fig. 6-14 (a)). Fig. 6-14 shows a comparison of the Mr-E curve and 
the I-E curve of the NC film (measured by PPMS). The electric field values are 
converted from the applied voltage values. The current-induced magnetic induction 
mentioned above cannot explain the hysteresis behavior observed in Fig. 6-14 (a), as a 
higher current value is observed in process arrow 2 in Fig. 6-14 (b) where a larger 
drop of the moment should be expected, but an opposite effect is observed in process 
arrow 2 in Fig. 6-14 (a). Instead, the relative moment value is correlated to the relative 
resistance (and conductivity) value shown in the I-E curves: the low resistance state 
(arrow 2 and 3 in Fig. 6-14 (b)) corresponds to a larger moment value (arrows 2 and 3 
in Fig. 6-14 (a)) and vice versa. 
 
Figure 6-14. Correlation of (a) the remanence vs. electric field (Mr-E) curve and (b) 
the current vs. electric field (I-E) curve of the NC film at 10 K measured by PPMS. 
Inset of (a) is the in-situ I-E curve recorded inside the SQUID chamber.    
The correlation between the Mr-E curve and the I-E curve is indicative of the role 
of charge trapping/detrapping on the modulation of the Mr, through which the 
resistance states of the sample can be correlated to the magnetization. The charge 
carrier trapping/detrapping from the defect sites under the electric field is considered 
as the origin of the change in conductivity
100
 state. When the conductivity state is 
changed, the charge carrier concentration in the LBMO phase is modulated, and the 
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magnetic moments in the LBMO phase are likely to be modified
247,250
. The consistent 
trend that a relatively higher magnetic moment (arrow 2 and 3 in Fig. 6-14 (a)) is 
observed in a relatively low resistance state (arrow 2 and 3 in Fig. 6-14 (b)) is 





 ratio changes the strength of the DE coupling and the net spins, which 
results in a simultaneous change in the conductivity and magnetic moments. In 




 ratio can either increase or 
decrease the net moment values
271
, while the result observed here suggests the former 
case. It is worth noting that the magnetic moment of the PF only has a one-off 
“thermal fatigue” effect under cyclings of electric field, as shown in Fig. 6-13 (b), 
which precludes the existence of the above-mentioned carrier-mediated magnetic 
moment that exists in the NC.  
Based on the above results, we conclude that in the NC, the magnetic induction (Bi) 
causes an overall change in the moment (a drop (increase) under positive (negative) 
bias), which acts as a background. Another effect caused by the charge 
trapping/detrapping adds on this background and together they result in the eventual 
tuning of the Mr observed in Fig. 6-14 (a). It is interesting that both of the two effects 
were absent in the PF (Fig. 6-13 (b)) where a similar amount of leakage current was 
produced, and this indicates that these effects are caused due to the existence of the 
ZnO phase. 
6.4 Summary 
In summary, when the LBMO-ZnO VAN is grown on the Nb:STO (111) substrate, a 
large resistive switching is shown and the overall leakage is controlled and reduced 
(compared to the VAN grown on Nb:STO (001)). The Mr of this film is hysteretically 
tuned by the electric field and the tuning is correlated to the resistive switching caused 
by charge trapping/detrapping. Besides, the M-H curves are tuned and a decrease in 
Hc and Mr values are observed at 10 K under the application of electric fields. All 
these effects are correlated to the existence of the ZnO phase.  
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The hysteretic tuning of Mr by resistive switching is consistent with our previous 
work in the La2CoMnO6(LcMO)-ZnO VAN
77
, where the charge trapping/detrapping 
was proposed but not fully investigated. This more detailed work helps to understand 
the mechanisms of electric field tuning of magnetic properties in manganite-ZnO 
VAN systems.  
It is interesting to study the magnetoelectric effect in a ZnO-based VAN, as ZnO 
provides the possibility for both piezoelectric strain coupling and charge doping. 
Although the strain effect hasn’t been proven here, charge doping is studied in detail. 
The results found up till now enable us to propose new ways to realize 
magnetoelectric effect through charge doping, i.e. in manganite-ZnO VAN systems, 
by modulating the charge carrier mobility through VAN vertical interfaces. 
Compared to the LcMO-ZnO VAN, the leakage of the LBMO-ZnO VAN is reduced 
when grown on Nb: STO (111). For example, when |V|=1 V, the former has a current 
flow of 0.35 mA while the leakage of the latter is less than 1 μA. 
However, a large current flow (>500 μA) is still observed when the applied electric 
is high, which results in a “fatigue” effect and deteriorates the nonvolatility of the 
LBMO-ZnO VAN when being used as a MERAM device. The current induces a 
magnetic induction which distracts the interpretation and deconvolution of the real 
ME effect. Also, the Tc of the LBMO-ZnO VAN is low (~95 K) as compared to the 
LcMO-ZnO VAN (220 K). Given the interesting results and the proposed charge 
doping approach discussed here, more engineering works can be done to carefully 








Chapter 7   Conclusion and future works 
 
The summary for each work, as provided in the last part of each result chapter, have 
outlined the bullet points. In this chapter, I conclude the thesis by summarizing the 
key findings, drawbacks and proposing future work plans.  
The key findings, as discussed in Chapters 4 to 6, are as follows:   
1. In Sm: CeO2-SrTiO3 (SDC-STO) VAN-based RRAM devices, a guideline is 
provided for elimination of the electroforming process (i.e. by slowing down the 
growth rate). Besides, the unique structure offers an ideal platform to separately 
explore ionic and electronic mechanisms, based on which a potential impact is 
expected on other nascent technologies, ranging from ionic gating to micro-solid 
oxide fuel cells and neuromorphics. 
2. In La0.9Ba0.1MnO3 (LBMO)-CeO2 VAN films, not only structural modulation 
(vertical strain), but also compositional modification (Ce doping) are used to maintain 
the ferromagnetic insulating (FMI) properties of LBMO. The VAN doping is less used 
but unexpectedly beneficial. Meanwhile, the dimension-cross-over, which is 
correlated to the tuning of LBMO from a FMI to ferromagnetic metal (FMM), is 
realized through bottom-up control of the self-assembly kinetics, which is a more 
convenient alternative to top-down artificial design.  
3. In the LBMO-ZnO VAN, the tuning of remanent magnetization is correlated to the 
resistive switching effect, which provides a wide study space to use new ways to 
realize charge-mediated magnetoelectric coupling, i.e. through charge 
trapping/detrapping.   
However, in these VAN systems, some of the physical phenomena are not fully 
understood and problems of device performances still exist. Triggered by the need to 
probe the underlying nature and enhance the device performances, more works are 
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needed to reach the ultimate goal to bring these systems into real applications: 
1. Sm:CeO2-SrTiO3 VAN-based RRAM devices:  





(Fig. 4-18 (g)), which is below the ultimate goal of > 10
12
 cycles required in the 
RRAM field. Also, the 12 h retention time (Fig. 4-18 (h)) is below the >10-year goal. 
As proposed in Chapter 4, the RS performance can be realized by separately 
optimizing the electronic and ionic channels. By decreasing the growth rate (e.g. 
using an off-axis PLD growth mode), the structural quality of the electronic channel 
can be improved further. By replacing the doping element (for example, from Sm to 
Gd), the ionic conductivity of the CeO2 phase can be much enhanced. By separately 
optimizing the two conductance channels, we aim to get an improved RS endurance 
and retention in the VAN-based RRAM device.   
Quantitative structural analysis for the origin of the electroforming process. While 
an empirical guideline is proposed for eliminating the electroforming process (i.e. by 
decreasing the growth rate), a quantitative structural analysis is a more fundamental 
approach to theoretically directing the device design. A direct study of the relationship 
between tilt (misorientations of the nanocolumns) and the electroforming process, as 
mentioned in Chapter 4.5.5, is highly needed. This can be done quantitatively through 
William Hall plots presented in the LBMO-CeO2 VAN (Chapter 5.4.2).    
2. La0.9Ba0.1MnO3: CeO2 VAN-based FMI and FMM candidates 
In-depth study of the electronic band structures. In Chapter 5.4, we found that the 
tuning of physical properties in LBMO by dimension control is correlated to the 
modulation of band structures. It is known that the DE coupling transfer integral t is 
closely related to the electron bandwidth of the material. At this stage, XPS results in 
Fig. 5-29 suggest that the bandwidth is modulated with changes in the lateral 
dimension of the LBMO phase. To be more convincing, information about DE 
coupling and bandwidth needs further XPS works and other measurements. In this 
work, soft x-ray (hν=1486.6 eV) was used, which has limited detection depth and 
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resolution. In comparison, hard X-Ray (hν=5.95 keV) Photoemission can effectively 
detect the well-screened Mn 2p Core-Level, which is directly correlated to the 
strength of the DE coupling
272–274
. Additionally, the whole picture of bandwidth can 
be further obtained from the pre-edge shift of the O K-edge X-ray Absorption 
Spectroscopy (XAS)
275
, which can be an additional supporting proof.  
3. La0.9Ba0.1MnO3: ZnO VAN 
Chapter 6 presented preliminary results for the in-situ electric field tuning of the M-H 
curves and the mechanism for the strain coupling is not proved though it is proposed. 
Besides, the system has a low Tc, which hinders its application. Therefore, several 
additional works are worth further study:  
1. More studies on the strain effect. Since the out-of-plane measurement didn’t give 
proof (Fig. 6-12) to explain the observed effects using strain-mediated change in 
magnetic anisotropy, the strain coupling, if existing in the system, may cause other 
effects such as changes in magnetic interactions (e.g. Tc), which can be investigated 
by other direct/indirect measurements. Measuring the piezoelectric response using 
Piezo Force Microscopy (PFM) would offer insight on whether strain effects exist. 
The tuning of Tc could be studied by measuring M-T curves under electric fields. In 
both cases, minimized leakage is important.  
2. Use of other ways to tune the magnetic properties through charge doping. The 
leakage of the LBMO-ZnO VAN, although reduced when grown on Nb:STO (111), 
can still cause artifacts through the thermal fatigue and magnetic induction, which 
may overshadow the real magnetoelectric effect. Instead of using an electric field, 
other indirect ways can be used to tune the magnetic properties through charge doping 
in ZnO-manganite VAN systems. For example, since ZnO is a wide band gap (3.37 
eV) semiconductor with a large exciton binding energy, photocarrier generation can 
be obtained under light illumination. Therefore, an ultraviolet (UV) light could 
effectively tune the carrier density of the n-type ZnO phase, which can, in turn, affect 
the carrier density of the p-type manganite phase
276
. This doesn’t require a 
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ferromagnetic insulating manganite, and therefore a manganite with a higher doping 
ratio and higher Tc can be used (e.g. La0.67Sr0.33MnO3). Engineering magnetic 
properties of manganites through carrier modulation in VAN using 
non-magnetoelectric approaches is intriguing, which can help to indirectly understand 
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